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The interplay between superconductivity (SC) and ferromagnetism (FM) is one of
the fascinating fields of research in condensed matter physics. A variety of prominent
manifestations of the interplay result from the antagonism between these two macroscopic
quantum states of matter. Over the past decade, numerous reports have appeared on
experimental studies of proximity effect in hybrid systems consisting of itinerant metallic
ferromagnets and s-wave superconductors based bilayers and multilayers. Such artificial
structures have clear advantage over naturally grown layered crystals due to the fact
the thickness of magnetic and superconducting components can be tailored individually
in hybrids, which is not possible in naturally occurring compounds. As a result, it is
possible to study the interesting predictions of the theory of FM-SC proximity effect, like
pair-breaking, π-phase superconductivity, inhomogeneous condensate etc. over a broader
range of functionality of the superconducting and magnetic orders.
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The oxide based doped Mott insulators, like high Tc superconductor YBa2Cu3O7
(YBCO) and ferromagnetic manganite La2/3Sr1/3MnO3 (LSMO) are of particular in-
terest for making SC-FM hybrids. The high degree of spin polarization of the conduction
bands in LSMO and the non-trivial Fermi surface of YBCO bring about significant change
in quasiparticle transport, magnetic coupling and proximity effect in this exotic FM-SC
hybrid as compared to that seen in systems involving band ferromagnets and s-wave
superconductors. While earlier studies on this system have revealed some interesting phe-
nomena, most of these works have been done on films where the CuO2 planes of YBCO
are parallel to the plane of the hybrid. Since superconductivity in YBCO lies in the
CuO2 planes (ab - plane), such structures do not allow direct injection of spin polarized
electrons from LSMO along the nodal or fully gapped directions of the Fermi surface of
YBCO. In order to overcome this difficulty, it is necessary to grow the YBCO film with
crystallographic orientation such that the CuO2 planes are normal to the plane of the
hybrid.
In this thesis, we present a detailed study of the magnetic anisotropy in two polytypes
[(001) and (110)] of LSMO thin films. We also present a field (H) - temperature (T) phase
diagram where we have shown the pinned and depinned states for both the polytypes. A
stable recipe for growing (110) FM-SC hybrids, where the CuO2 planes of YBCO are in
direct contact with the sandwiching FM layers, has been developed. Magnetization mea-
surements on these structures reveal that the coupling between the FM layers is stronger
than that seen for (001) hybrids. Anisotropic magnetoresistance (AMR) measurement on
these hybrids have shown an unusually high value (∼ 72000%). In the last part of the
thesis we report the dependence of MR on the sample resistance. We find that the MR
of the FM-SC hybrid is directly related to the ground state resistance of the sample. The
vii
layout of the thesis is as follows.
Chapter 1 is an introduction to the basic concepts of superconductivity, magnetism
and their interplay in hybrid structures. The structure and electronic phase diagram of
the superconducting (YBa2Cu3O7−δ) and magnetic (La1−xSrxMnO3) component of the
hybrid structures have been reviewed. Here we also discuss the magnetic anisotropy
in ferromagnets and its behavior in magnetic films. This chapter also presents a con-
textual survey of the current experimental results and theoretical predictions concerning
ferromagnet-superconductor heterostructures and magnetic properties of simple and com-
plex ferromagnets.
Chapter 2 presents a detailed layout of the various experimental procedures used in
this thesis. First, we have described the method of preparation of thin films and trilayers
using pulsed laser deposition technique. Then we discuss various techniques for char-
acterization of these thin films. Finally, the magnetization and transport measurement
techniques are briefed.
Chapter 3 presents our studies of electron transport and magnetism in two polytypes
of LSMO films. We have focussed on isothermal magnetoresistance [R(θ, H)] of (001) and
(110) epitaxial films measured as a function of the angle (θ) between current (~I) and
magnetic field ( ~H), both in the plane of the film, at several temperatures between 10 and
300 K. The magnetic easy axis of these polytypes is intimately related to the orientation
of Mn - O - Mn bonds with respect to the crystallographic axis on the plane of the
substrate and energy equivalence of some of these axes. A magnetization reorientation
phase transition, which manifests itself as a discontinuity and hysteresis in R(ψ), where
ψ is the angle between ~H and the easy axis for the ~H below a critical value ~H∗, has
been established. The boundary of the pinned and depinned phases on the H-T plane
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has been established. The highly robust pinning of magnetization seen in (110) films is
related to their uniquely defined easy axis. The isothermal resistances R⊥ and R‖ for ~I⊥ ~H
and ~I‖ ~H respectively for both polytypes follow the inequality R⊥ > R‖ for all ranges of
fields (0 ≤ H ≤ 3500Oe) and temperatures (10 - 300 K). A full fledged analysis of the
rotational magnetoresistance is carried out in the framework of Do¨ring theory for MR in
single crystal samples. Strong deviations from the predicted angular dependence are seen
in the irreversible regime of magnetization.
Chapter 4 presents our work on (110) LSMO-YBCO hybrids. We first discuss the
growth of YBCO–LSMO heterostructures of (110) orientation perpendicular to the plane
of the film to allow direct injection of spin polarized holes from the LSMO into the CuO2
superconducting planes. The magnetic response of the structure at T < Tsc shows both
diamagnetic and ferromagnetic moments with (001) direction as magnetic easy axis. While
the superconducting transition temperature (Tsc) of these structures is sharp (∆Tsc ≃
2.5 K), the critical current density (Jc) follows a dependence of the type Jc = Jo(1− TTsc )
3
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with highly suppressed Jo (≃ 2 × 104 A/cm2) indicating strong pair breaking effects of
the ferromagnetic boundaries. Further studies on the trilayer reveal a strong coupling
between the FM layers. The coupling is an order of magnitude higher than that seen in
the case of (001) trilayers validating an earlier prediction. We also report an unusually
high (∼ 72000%) angular magnetoresistance in these trilayers.
Chapter 5 presents some key results of our work on La2/3Sr1/3MnO3 -Y1−xPrxBa2Cu3O7-
La2/3Sr1/3MnO3 system with x = 0.4. Here the relevance of pair-breaking by exchange and
dipolar fields, and by injected spins in a low carrier density cuprate Y0.6Pr0.4Ba2Cu3O7
sandwiched between two ferromagnetic LSMO layers is examined. At low external field
(Hext), the system shows a giant magnetoresistance(MR), which diverges deep in the su-
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perconducting state. We establish a distinct dipolar contribution to MR near the switch-
ing field (Hc) of the magnetic layers. At Hext ≫ Hc, a large positive MR, resulting
primarily from the motion of Josephson vortices and pair breaking by the in-plane field,
is seen.
Chapter 6 presents a brief summary of important results of our experiments discussed
in this thesis. Here we also identify some issues which are potentially interesting for further
studies.
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Chapter 1
Introduction
1.1 Introduction
The antagonism between superconductivity (SC) and ferromagnetism (FM) has been a
source of fascination to numerous researchers over the past five decades since the Bardeen
- Cooper - Schrieffer (BCS) theory of superconductivity came into being. It is true that
both SC and FM emerge from strong correlation between conduction electrons, but the
microscopic origin of these correlations is very different. According to Bardeen, Cooper
and Schrieffer, superconductivity arises due to the condensation of electrons into a paired
state below the single electron ground state through phonon mediated attractive interac-
tion between electrons of opposite spin and momentum [1]. The paired electrons move
in a correlated fashion to compensate for the scattering loss of each other giving rise to
lossless conductivity. In a magnetic field the “zero spin” paired state tends to oppose
the applied field upto a strength equal to the pairing energy. Ferromagnetism, on the
other hand, is the result of parallel alignment of electron spins by exchange interaction.
The problem of coexistence between these two exotic states is essentially the competition
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between the pair condensation energy (2∆) of the superconductor and the Zeeman energy
(µBEex) of the ferromagnet [2]. While the former tries to align the spins of two electrons
antiparallel to each other, the later tries a parallel configuration. This basic difference in
the spin states of charge carriers leads to the antagonism between ferromagnetism and
superconductivity. Recent developments in thin film making processes have resulted in
the fabrication of a variety of FM-SC heterostructures. Numerous studies on such systems
have revealed non-trivial dependence of superconducting transition temperature (Tc) and
critical current (Ic) on the thickness of the ferromagnetic layer. Apart from this, in multi-
layers of FM-SC structures, various types of magnetic order are seen in the FM layer due
to its indirect interaction with other FM layers through the SC layer. These are a few
examples of the numerous exciting problems that can be addressed in FM-SC hybrids.
There are a few naturally occurring compounds which exhibit both SC and FM orders,
but the absence of tunability of these systems makes them less attractive for the study
of proximity effect and other related phenomena. One such system reported few years
back in which superconductivity and magnetic order coexist is RuSr2GdCu2O8 (Sr-1212)
[3]. This compound orders magnetically at 132K and has a superconducting transition
temperature of 46K. The magnetic order seen in this system is canted antiferromagnetism.
Crystal structure examination reveals that the material is a superlattice of ferromagnetic
Gd layers and superconducting Cu-O planes. The other compounds which exhibit the
coexistence of FM and SC orders are ReRh4B4 and ReMo6S8 where Re is a rare earth
element. For example, ErRh4B4 and HoMo6S8 are compounds belonging to these groups
with Tc1 = 8.7 K and 1.8 K, respectively. Tc1 being defined as the temperature at
which superconductivity appears in the system. The magnetic ordering temperature for
these compounds are 1.0 and 0.74 K respectively. On decreasing the temperature further
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to 0.8 K and 0.7 K respectively, the superconductivity disappears and a ferromagnetic
phase sets in. This temperature at which superconductivity disappears is denoted as Tc2.
Apart from these, rare earth boron-nickel carbides like HoNi2B2C and TmNi2B2C also
show coexisting phases [4]. In these carbides ferromagnetism exists in the Ho-C or Tm-
C layers and superconductivity in the Ni2B2 layers. Because of the alternating nature
of these layers, the carbides can be considered as naturally growing analogs of FM-SC
hybrids. But it is to be noted that artificial heterostructures have some distinct advantages
over such naturally grown heterostructures. For example, in natural crystals the distance
between the FM and SC planes is predecided and the strength of these order parameters
are also fixed. These limitations can be overcome in artificial heterostructures where there
is freedom on the choice of materials and their individual layer thicknesses. With advances
in thin film growth it has become possible to grow a variety of FM-SC heterostructures
which have resulted in a spate of activities in this area of research [2, 5, 6, 7, 8, 9, 10].
While talking about FM-SC heterostructures, the main issue of interest is the extent
of mutual influence that these states have on each other. It is to be noted that in most
of the cases the strength of magnetic ordering (Eex) is an order of magnitude higher than
the pairing energy of the superconductor. This means that magnetism in a ferromagnetic
layer is hardly affected by the proximity of a superconducting layer but the reverse is not
true. Earlier studies by Hauser et al. [11] carried out on the pair breaking effects of Fe, Ni
and Gd layers on a superconducting Pb layer revealed a considerable suppression of the
superconducting order parameter in all cases as compared to superconductor-normal metal
systems. The suppression of Tc was analyzed in the light of the de Genner-Werthamer
[12, 13] theory of proximity effect incorporating the Abrikosov-Gorkov [14] theory of spin
scattering at magnetic impurities. Further studies have revealed similar suppression of Tc
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in other type-I [15, 16, 17, 18] and type-II [19, 20, 21] superconductors.
Apart from pair breaking in the superconductor, the issue of the induced superconduct-
ing order parameter in ferromagnetic regions of FM-SC hybrids has drawn considerable
interest. This happens due to the diffusion of Cooper pairs into the ferromagnet through
the FM-SC interface. Though the diffusion process of the pairs through the interface with
normal metals and ferromagnets is similar, barring Andreev reflection, which happens at
the clean FM-SC interface, the nature of the induced superconductivity is different. The
Cooper pairs in a ferromagnetic region acquire a net center of mass momentum which is
zero in the case of normal metals. This results in oscillations of the order parameter in
the ferromagnetic layer, with alternate regions of positive and negative order parameter
known as the “0” and “π” phases respectively. Theoretical calculations by Radovic´ et al.
[22] have shown that under suitable conditions the oscillatory order parameter may lead
to non-monotonic variation of the superconducting properties as a function of ferromag-
netic layer thickness. Various researchers have seen such non-monotonic variation in the
superconducting properties in Fe-V multilayers [15], Nb-Gd multilayers [17, 23], Fe-Nb-Fe
trilayer structures [18] and La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3 trilayers
[24] as a function of ferromagnetic layer thickness.
Another important issue in this case is the dynamics of vortices in the presence of a
ferromagnetic boundary. In the past people have tried to control the vortex dynamics
by increasing the pinning properties of superconductors. The most common method is
to create defects in the superconductor where the normal cores of the vortices can be
accommodated. Methods like producing columnar defects by heavy ion irradiation in
high-Tc superconductors [25, 26] or making samples with embedded second phase [27, 28]
to enhance pinning are quite common. The maximum pinning strength in these cases
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is limited to the loss of condensation energy in the normal core of the vortices given by
(Φ0/8πλL)
2, where Φ0 is the flux quantum [2.07 × 10−7 G cm2] and λL is the London
penetration depth. Apart from these, one can try to pin the vortices by using localized
magnetic moments. In fact this method is more effective [29, 30] than creating defects in
a superconductor. This is because the magnetic defects pin the magnetic flux associated
with the vortex rather than the normal core. Since the volume of the flux associated
with a vortex is much higher than the normal core, pinning efficiency of a magnetic dot
is higher.
Magnetic coupling in FM-SC hybrids is a relatively new area of research. This has
been mainly due to the presence of oscillatory interlayer exchange coupling (IEC) in mul-
tilayers of ferromagnets and normal metals [31, 32]. In case of normal metal–ferromagnet
superlattices like Co-Cr, oscillations in saturation magnetoresistance and the magnetic
exchange coupling as a function of spacer layer thickness were clearly seen. One explana-
tion of these oscillations is Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling mediated
by spin the polarization of the Cr layers. This type of mechanism leads to the conclusion
that as the spacer layer thickness is decreased, a ferromagnetic state is achieved. But
experiments on another NM-FM system, Co-Ru, show antiferromagnetic ordering when
the Ru thickness is reduced to a few layers [32]. In the light of the above facts, it was
stated that some other mechanism may be responsible for the oscillations seen in these
multilayers though RKKY was used to explain the results in most cases. Now if the nor-
mal metal in these hybrids is replaced by a superconductor, then the RKKY mechanism
responsible for the IEC in the case of metallic spacers suffers a strong suppression. This is
due to the fact that the superconductor has an energy gap at the Fermi surface that opens
up below Tc. The problem becomes even more interesting if the superconducting spacer
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is a d-wave superconductor. de Melo [33, 34], in his paper, has calculated the exchange
coupling through a d-wave superconductor ( YBa2Cu3O7 ) along the c-axis in a trilayer
geometry. There, he points out that the exchange coupling along the (110) direction of
the YBCO unit cell will be much higher than that along the (001) or (100) direction
because of the presence of nodes in the superconducting order parameter of YBa2Cu3O7
along the (110) direction. While studying these hybrids, it is also essential to understand
the individual properties of the elements involved.
In this introductory chapter, we outline briefly some highlights of the research in
the field of ferromagnet-superconductor heterostructures. The discussion starts with an
introduction of the proximity effect. This will be followed by the origin of ferromagnetism
and superconductivity in materials which constitute the heterostructures studied in this
thesis. We will also discuss magnetic anisotropy in ferromagnetic material with a brief
review of the work done so far. The chapter concludes with a statement of motivation for
undertaking the present work and an outline of the remaining chapters of this thesis.
1.2 Proximity effect in Ferromagnet - Superconduc-
tor heterostructures
1.2.1 Proximity effect in superconductors
The induced superconducting correlations in a normal metal placed closed to a super-
conductor is known as the proximity effect. This effect was seen for the first time in
1960 by H. Meissner [35]. He measured the critical current between two crossed Sn wires
separated by a coating of noble metal like Au, Ag and Cu. He was able to observe critical
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currents through normal metal as thick as 10 microns in some cases. These results were
later confirmed by experiments by Smith et al. [36]. In both the cases, the thickness of
the separating normal metal was too large to explain the results by direct tunneling phe-
nomena. They interpreted it in terms of an induced superconducting correlation known
as proximity effect. A microscopic explanation of the phenomenon was proposed later
by L. N. Cooper [37]. He suggested that in N-S structures the electron-electron corre-
lation should have a dependence on the absolute position of the electrons. As a result,
the Cooper pair sees an effective potential averaged over both sides of the N-S boundary,
leading to a change in the coupling constant and the energy gap of the overall structure.
However, such an interpretation is valid only for thicknesses of normal layers less than
the coherence length of the superconductor. de Gennes et al. [12] further generalized the
idea using Gorkov’s Green’s function approach where they introduced the concept of a
spatially varying energy gap in N-S structures. In the same year Werthamer [13] provided
a set of equations which relate the transition temperature of the S-N-S structures (Tc),
of the superconductor (TcS) and of the normal metal (TcN) with the thicknesss ds and dn
of superconducting and NM spacer layers respectively;
ln (TcS/Tc) = χ
(
ξ2sk
2
s
)
(1.1)
ln (TcN/Tc) = χ
(−ξ2nk2n) (1.2)
and
[
Nξ2k tan (kd)
]
s
=
[
Nξ2k tanh (kd)
]
n
(1.3)
where χ(z) = Ψ
(
1
2
+ z
2
)−Ψ (1
2
)
, Ψ being the Digamma function, N the density of states
at the Fermi level and ξ is the effective coherence length defined as (π~kBσ/6Tce
2γ)
1/2
. σ
and γ are the low temperature conductivity and the coefficient of normal electron specific
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heat, respectively. ~ and kB are Planck’s and Boltzmann’s constants respectively. ks and
kn are the wave numbers in the superconducting and normal metal layers. The subscripts
s and n in eq. 1.3 denotes superconductor and normal metal respectively.
The extent of this induced superconducting order parameter is dependent on the qual-
ity of the interface and the mean free path of electrons (ln) on the normal side of the inter-
face [38]. In the clean limit i.e. lN > ξ, the condensation amplitude decays exponentially
on the normal side of the interface over a distance of ~vf/2πkBT , where vf is the Fermi
velocity on the normal side. In this case the Cooper pairs survive over distance equal to at
least the coherence length. In the other case, when lN < ξN , the process is dominated by
diffusion. The coherence length ξN in this case is given by (~vf lN/6πkBT )
1/2. A number of
experiments [39] have been performed on superconductor–normal metal heterostructures
since the first discovery of the proximity effect [35].
1.2.1.1 The LOFF state
The problem of induced superconductivity becomes more interesting if the normal side of
the heterostructure is magnetically ordered. In such a case one cannot ignore the effects
of exchange field (Eex) and spin polarization on the paired state. The exchange field tends
to lift the time reversal symmetry of the paired state and hence the Cooper pair entering
the ferromagnetic region gains a finite momentum, Eex/~vF . This change in momentum
also introduces a phase change (δφ) which is given by δφ = Eexx/~vf , where x is the
distance traversed in the ferromagnet. Under such conditions, the pair wave function
oscillates as a function of distance from the FM-SC interface. This was shown by Larkin
and Ovchinnikov [40] and Fulde and Ferrell [41] independently. The modulation factor
is given as cos (Eexx/Vf) , x being the distance from the interface [42]. This inhomoge-
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neous superconducting phase is commonly cited as the Larkin–Ovchinnikov–Fulde–Ferrell
(LOFF) state. The LOFF state is generally observed in a narrow region on the parametric
phase space close to the normal state [40, 41] and is limited to the exchange energy below
the Chandrasekhar-Clogston [43, 44] limit (∆/
√
2) for the upper critical field. It is to be
noted that while the LOFF state is very difficult to observe in pure bulk superconductors,
an FM-SC heterostructure is promising candidate for such exotic states since the proxim-
ity effect in these structures allows a pair correlation even when the exchange energy is
larger than the gap energy.
1.2.1.2 The Andreev reflection picture
An alternative explanation to the induced inhomogeneous superconducting phase near
the normal metal-superconductor interface was given by A. F. Andreev [45] and is known
as Andreev reflection. In this process a quasiparticle with energy < ∆ incident on the
NM-SC boundary from the N side is retro reflected into the normal side as a quasi hole
and a Cooper pair travels into the superconductor [46] since a particle with energy less
than ∆ cannot enter a superconductor. The hole thus formed travels into the normal
metal increasing the conductance of the NM-SC junction. This is in contrast with the
case of specular reflection of the electron where the conductance vanishes below the gap
voltage [47, 48]. The reflected hole in turn carries the macroscopic phase information of
the superconductor into the normal metal inducing a pair-like correlation in the normal
carriers [48]. Now let us change the situation slightly and replace the NM with a ferro-
magnetic metal (FM). While for a nonmagnetic NM, it does not affect the interface since
all energy levels in NM are doubly degenerate with respect to the spin direction, however
for FM this degeneracy is lifted due to the interaction of the spin with the spontaneous
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moment of the ferromagnet. In the Andreev reflection process, the incident electron and
the reflected hole have opposite spins. This change in spin direction of the particle en-
tering into the ferromagnet can lead to drastic changes in the properties of the FM-SC
interface. Many researchers have calculated the amplitudes of Andreev reflection proba-
bilities at an FM-SC junction [46, 49, 50]. But what is important here is to calculate the
oscillating order parameter and see how it compares with the LOFF formalism.
Fominov et al. [51] have shown that this can be done by Feynman path integral
formalism where the trajectories of quasiparticle pair wave function in a ferromagnet in
contact with a superconductor can be assumed to be consisting of both Andreev reflected
and normal reflected paths. They found an oscillatory behavior of the pair wave function,
which can be written as
F (x) ∝ cos
(
2Eexdf
vF
)
cos
(
2Eex(df + x)
vF
)
(1.4)
which is similar to the expression obtained in the LOFF formalism [42].
The oscillating order parameter is responsible for stabilizing some regions of negative
order parameter, known as the π–phase, inside the ferromagnet, which leads to various
exotic phenomena in FM-SC hybrids. For example Bulaevskii et al. [52] have shown
that the Josephson current through an SC-FM-SC junction acquires a sign opposite to
sin φ, where φ is the phase difference between the two superconductors. The π–phase
superconductivity has been experimentally verified by various experiments [53, 54, 55].
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1.2.2 Transition temperature in FM-SC hybrid structures
The suppression of the superconducting transition temperature in a FM-SC hybrid has
been studied extensively [11, 23, 15, 56, 57]. The earliest experiments on Tc suppression in
Pb-Cr system were explained by Hauser et al. [11] by the de Gennes–Werthamer [12, 13]
theory of proximity effect along with the Abrikosov–Gorkov [14] model of Cooper pair
scattering at localized magnetic moments. They calculated the variation of Tc by using a
refined version of the original de Gennes [12] equation, which did not describe a FM layer
superimposed on a superconductor, and derived the following equation [11, 58];
ln
(
TcS
Tc
)
= χ
(
π2ξ2s
4d2s
)
(1.5)
Here ξs and ds are the coherence length and thickness of the superconductor respectively
and χ(z) = Ψ
(
1
2
+ 1
2
z
) − Ψ (1
2
)
, Ψ being the digamma function. It is to be noted that
this equation is independent of the properties of the magnetic layer. They noted that the
relation remains unchanged when the degree of dirtiness of the superconductor (scattering
time τs) is changed. Jiang et al. [23], for Nb/Gd system, Wong et al. [15] for Fe/V system
and Lazar et al. [56] for Pb/Fe system have reported an oscillating critical temperature
as the FM layer thickness is varied. Tagirov et al. [57] reported a re-entrant behavior
of the SC transition temperature in Fe–V–Fe trilayers at V-thickness close to the critical
thickness for superconductivity. In the Fe–V system studied by Wong et al. [15], the
data were analyzed by employing Ginzburg-Landau equations for the order parameter in
a 2D film with the boundary condition ψ = 0 (ψ is the order parameter) at the interface
and obtained the relation (Tc0 − Tc) ∝ (1/d2) was obtained, where d is the thickness of
the superconducting vanadium layer and Tc and Tc0 are transition temperatures of the
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superlattice and a thick Vanadium film respectively. In all the above experiments, the
destructive effect of spin polarized conduction electrons of the ferromagnet was recognized.
The starting point of many theoretical approaches for the calculation of Tc in hy-
brid films with dirty superconductors has been the Usadel equations [59], which are a
simplification of the Eilenberger [60] equations in the dirty limit. Radovic´ et al. [22] in
their work solved the Usadel equations to calculate the transition temperature of FM-SC
superlattices as a function of thickness of the superconducting and magnetic layers. For
the case of FM-SC-FM trilayers the transition temperature was given by;
ln
(
Tc
TcS
)
= ReΨ
(
1
2
+
k2sξ
2
sTcS
2Tc
)
−Ψ
(
1
2
)
(1.6)
where Ψ is the digamma function, ξs the coherence length and ks the propagation mo-
mentum calculated using the transcendental equation;
ksds tan(ksds/2) =
kfξsσf
σs
(
ds
ξs
)
tanh(kfdf) (1.7)
where σ, k and d are the normal state conductivity, wave number and thickness of the
ferromagnetic and superconducting components indexed as ‘f’ and ‘s’ respectively. The
boundary conditions in these calculation were assumed in the limit of perfect transparency
of the FM-SC interface leading to conditions;
Fs = Ff (1.8)
and
dFs
dx
= η
dFf
dx
(1.9)
where Ff and Fs are the quasiclassical Usadel Green’s functions representing pair correla-
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tions on the ferromagnetic and superconducting sides of an interface along the yz–plane.
Subsequently many experimental results on the transition temperature of hybrids were
analyzed using this theory [16, 17, 23, 61]. It should be noted that the Radovic´ [22] theory
emerges from the competing ‘0’ and ‘π’ phase order parameters between two consecutive
SC layers. Hence, bilayer and trilayer FM-SC structures do not fall under the purview of
this theory.
Subsequent works by Khusainov [62], Tagirov [63] and Fominov [51] used more realistic
boundary conditions for the quasiclassical Green’s function [64, 65, 66]. In these later
studies, one sees a discontinuous jump of the pair wave function at the FM-SC boundary
in contrast with the continuous transition in the Radovic´ theory. This discontinuity stems
from the fact that the diffusion constants in the FM and SC layers are different and are
discontinuous at the interface. This formulation [51, 62, 63] is independent of any phase
coupling between two superconducting layers as required by Radovic´ theory [22].
For FM-SC-FM trilayers, the transition temperature is also dependent on the rela-
tive orientation of the magnetization vectors in the sandwiching ferromagnetic layers. It
has been observed that the transition temperature for antiferromagnetically oriented tri-
layers is higher than that of ferromagnetically oriented films [67, 68, 69, 70, 71]. This
effect was theoretically pointed out by de Gennes [67] and verified later experimen-
tally on ferromagnet–insulator–superconductor–insulator–ferromagnet (F/I/S/I/F) [69],
ferromagnetic insulator–superconductor–ferromagnetic insulator [70] and ferromagnet–
superconductor–ferromagnet [71] hybrids. Here it is to be noted that the effect of magne-
tization orientation is considerable only when the thickness of the superconducting spacer
is of the order of the coherence length ξs.
While a considerable amount of theoretical work has been done to understand the
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properties of FM–SC–FM hybrid structures, in all these studies the order parameter of
the superconductor is assumed to be s-wave. For understanding proximity effects in high-
Tc cuprates it is essential to work out these problems with an anisotropic order parameter
(dx2−y2 wave or anisotropic s-wave). The other problem concerning FM-SC-FM structures
with high-Tc cuprates is that the SC in this case is in the clean limit. So in this case
Usadel’s [59] simplification of Eilenberger [60] equations may not apply. Nonetheless,
these results can be used qualitatively to analyze data involving FM-SC-FM structures
of YBa2Cu3O7 since in this case ls/ξs ∼ 1.
1.3 Magnetic coupling in FM-SC heterostructures
The issue of exchange coupling between two FM layers separated by a normal metal
spacer such as Cr has been studied extensively [31, 32]. For metallic spacers, the exchange
coupling is driven by conduction electrons, hence it is dependent on the shape of the Fermi
surface along the direction of growth. The exchange coupling is an oscillatory function of
the spacer layer thickness similar to the RKKY-interaction between localized moments.
A fundamental question to ask is “What will happen to IEC given that it is a Fermi
surface phenomenon, when the spacer material undergoes superconducting transition and
a gap opens up at the Fermi surface?” This issue has been addressed theoretically by
Sˇipr and Gyo¨rffy [72]. For an s-wave superconductor, they found a strong suppression
of exchange coupling at T < Tc. However, if the superconductor in the spacer has an
anisotropic pair wave function like in the case of high-Tc cuprates, then low and zero
energy quasiparticle excitations are possible. Based on these ideas, de Melo [33, 34]
proposed a theory of magnetic coupling across a high-Tc superconductor in FM-SC-FM
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trilayers. This theory [34] reveals that even for high-temperature superconductor (HTSC)
spacers, an oscillatory magnetic correlation exists along the z-direction of the spacer as a
function of the spacer thickness. The magnitude of the IEC is found to be higher in the
case of a d-wave superconductor as compared to the case of an s-wave superconductor.
On the experimental side, recent works by Senapati et al. [10, 24, 73] have revealed some
remarkable properties of La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3 trilayers with
varying FM and SC thicknesses and temperatures. A more detailed description of the
work on these trilayers by various groups will be discussed in later section. Here it is to
be noted that the discussion on IEC is not complete without a short description of the
RKKY model or the Quantum well model. In the following subsections, brief descriptions
of these models are given.
1.3.1 Ruderman-Kittel-Kasuya-Yosida model
The discovery of periodic oscillations in the coupling between two FM layers in Fe-Cr-Fe
and Co-Ru-Co [32] as a function of the nonmagnetic layer thickness initiated considerable
interest in the problem of interlayer exchange coupling. The oscillatory behavior seen
in this case bears resemblance to the Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tions seen between two magnetic impurities. So, this model is an excellent candidate
for explaining the experimental data. But this theory when applied in its simplest form
predicts a period of oscillation approximately equal to one monolayer [74], which is much
shorter than the experimental observations. A general theory for IEC based on the RKKY
mechanism was given by Bruno et al. [75].
Let us consider two FM layers (F1 & F2) separated by a nonmagnetic spacer. Initially
it is assumed that the FM layers are monolayers and only the atoms near the interface
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interact with each other. The magnetic layers are assumed to consist of spins ~Si located
on atomic positions ~Ri of the spacer near the interface, which essentially means that the
spacer and the FM layers are coherent. The RKKY interaction between two such spins
can be written as [76]
Hij = J( ~Rij)~Si. ~Sj (1.10)
where J( ~Rij) is the exchange integral. The IEC is calculated by summing Hij over all
i, j. The coupling energy per unit area can be written as
E1,2 = I1,2 cos θ1,2 (1.11)
where θ1,2 is the angle between the magnetization vectors of F1 and F2 and I1,2 is the
coupling constant given by
I1,2 ∼
∑
j∈F2
J( ~R0j) (1.12)
where the label ‘0’ defines a site in F1 which is taken as the origin. Under the present sign
convention, a positive value of I1,2 corresponds to antiferromagnetic coupling. Under the
free-electron approximation of Yafet [74], I1,2 as a function of the distance z, assuming a
continuous uniform distribution of spins in the magnetic layer, is given by
I1,2(z) ∼ d
2
z2
sin(2kFz), for z→∞ (1.13)
where d is the spacing between the atomic planes of the spacer. This essentially means
that the period of oscillation is λF/2 and the oscillation decays as z
−2. However, this
free-electron approach does not yield the correct results for the oscillation period. A more
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detailed calculation for IEC based on the RKKY mechanism which correctly predicts the
period of oscillations can be found in [75].
1.3.2 Quantum well model
This model starts with a simple assumption that the interfaces of an FM-NM hybrid act
as a potential capable of trapping electrons in the spacer layer. The itinerant nature
of the electrons in transition metals gives rise to spin-split band structure. So this will
give rise to a spin dependent reflectivity at the FM-NM interface. Let us consider a
trilayer of FM-NM-FM with the magnetizations ~M1 and ~M2 of the FM layers parallel
to each other. In such a case electrons with parallel (antiparallel) spins will be weakly
(strongly) reflected at the FM/NM interface. This spin dependent reflection will give rise
to quantum well states where one will see the emergence of standing waves for particular
spacer thicknesses. This also cause a spin-polarization in the spacer layer, since the spins
parallel to the M vectors are free to move in the entire stack but the antiparallel spins are
confined to the spacer layer. The spin dependent interference effects seen here are used
to explain the oscillations in the exchange coupling.
The predominant contribution to the coupling comes from electrons with wave vectors
~Qi, defined as the vector perpendicular to the interface connecting two sheets of the Fermi
surface parallel to each other. The oscillation period in this case is given by Γ = 2π/Qi
[77]. This essentially means that the coupling oscillations are determined by the electronic
properties of the spacer layer. If we define J i1 as the coupling constant due to electrons
with wave vector ~Qi, then J
i
1 for spacer thickness z is given by [77]
J i1 = J
i
0 sin (Qiz + φi) /D
2 (1.14)
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Here J i0 includes the Fermi surface geometry factor as well as the reflection probabilities.
Experimentally, quantum well states have been observed by inverse photoemission on
Cu/Co and Ag/Fe hybrids [78].
1.4 Magnetic anisotropy in magnetic thin films
The dependence of the internal energy of a magnetic material on the direction of its spon-
taneous magnetization results in magnetic anisotropy. This phenomenon can be divided
into various subcategories like uniaxial anisotropy, interface and volume anisotropy, single-
ion anisotropy, shape anisotropy, exchange anisotropy and magnetoelastic anisotropy. We
will briefly discuss all these types of magnetic anisotropies in the following subsections.
1.4.1 Uniaxial Anisotropy
The most common anisotropy effect is connected to the existence of only one easy direction
of magnetization, and in the literature it is referred to as uniaxial anisotropy. Let us
consider a uniaxial ferromagnetic crystal in the absence of any external magnetic field.
The magnetocrystalline anisotropy energy, Ek, can be written in terms of sin θ [79], θ
being the angle between the magnetization vector, ~MS and the symmetry axis, ~c.
Ek = K1 sin
2 θ +K2 sin
4 θ +K3 sin
6 θ + ..... (1.15)
where K1, K2, K3, .... are the anisotropy constants having the dimensions of energy per
unit volume (J/m3). The easy and hard direction are determined by extremizing eq. 1.15.
A minima in Ek will mean easy axes while maxima will define hard axes.
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1.4.2 Interface and Volume Anisotropy
Interface anisotropy is most common when we consider the case of thin film superlat-
tices. In these films, the anisotropy comes from both the bulk and the interface of the
system. If we denote Ks as the anisotropy originating from the interface per unit area
and Kv as the contribution to the anisotropy per unit volume, the effective anisotropy
can phenomenologically be described as [80, 81]
Keff = Kv +
2Ks
t
(1.16)
Here t denotes the ferromagnetic layer thickness and the factor of 2 arises from the layer
being bounded by two interfaces. The volume anisotropy Kv consists of magnetostatic
or demagnetization energy, magnetocrystalline anisotropy and magnetoelastic energy. In
bulk systems, the magnetocrystalline anisotropy of a system is dominated by the volume
term. In thin films and multilayers, however, the surface term can become more significant
as t becomes small (∼ 2KS/KV ). In most cases, the anisotropy in thin magnetic layers is
dominated by the dipolar shape anisotropy, favoring in-plane moment alignment.
1.4.3 Single-ion Anisotropy
Single-ion anisotropy (often referred to simply as “magnetocrystalline anisotropy”) is
caused by the spin-orbit interaction of the electrons. The electron orbits are linked to the
crystallographic structure and by their interaction with the spins they make the latter
prefer to align along well-defined crystallographic axes. This interaction is transferred
to the spin moments via the spin-orbit coupling, giving a weaker d-electron coupling of
the spins to the crystal lattice. When an external field is applied the orbital moments
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may remain coupled to the lattice whilst the spins are more free to turn. The magnetic
energy depends upon the orientation of the magnetization relative to the crystal axes. In
a magnetic material, single-ion anisotropy is present in the entire volume contributing to
Kv. The crystal orientation of the layer decides whether this contribution will add up
or subtract from Kv. Magnetocrystalline anisotropy is an important factor in deciding
whether a magnetic material can be made into a good hard magnet or a good soft magnet.
While in transition metals this contribution is generally much smaller than the shape
anisotropy, in rare earth metals it can be comparable in magnitude.
For the calculation of the magnetocrystalline anisotropy constants, the starting point
is the determination of the free energy density. For a saturated crystal (i.e. a single
domain), the free energy density (Fd) may be expressed as a series expansion in ascending
powers of the direction cosines αi of the magnetization with respect to a set of rectangular
Cartesian coordinate axes [82];
Fd = biαi + bijαiαj + bijkαiαjαk + ......... (1.17)
where bi, bij , bijk, ... are the property tensors whose forms are dictated entirely by the
requirements of the crystallographic and intrinsic symmetry. It can be shown that, for
cubic crystals, Fd must have the form approximated to the fourth term as
Fd = K0+K1
(
α21α
2
2 + α
2
2α
2
3 + α
2
3α
2
1
)
+K2
(
α21α
2
2α
2
3
)
+K3
(
α21α
2
2 + α
2
2α
2
3 + α
2
3α
2
1
)2
(1.18)
in which the αi are referred to the cube edges and K1, K2 and K3 are called the first,
second, and third anisotropy constants, respectively. Putting the values of the αis, one
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Figure 1.1: Magnetized prolate spheroid.
can find a relation between the free energy and the angle between magnetization direction
and the crystallographic axis. Expansions of the anisotropy energy appropriate to each
of the 32 crystallographic point groups have been derived and tabulated by Do¨ring [83].
1.4.4 Shape Anisotropy
The polarization in a long body is preferably aligned along the major axis of the object.
This phenomenon is known as shape anisotropy. It is mediated by dipolar interaction and
is a long range effect. As a result it is predominantly dependent on the shape of the body.
The simplest example would be that of a magnetized prolate spheroid (Fig. 1.1). Let the
spheroid be homogenously magnetized along a direction that makes an angle η with the
major axis as shown in fig. 1.1. The energy, E, of the demagnetizing field for this case
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can be written as [84]
E =
µ0
2
{
N‖M
2 +
(
N⊥ −N‖
)
M2 sin2 η
}
V (1.19)
where N‖ and N⊥ are the demagnetization tensors parallel and perpendicular to the major
axis, respectively. The demagnetization factors perpendicular to the major axis will be
identical. M is the magnetization and V , the volume of the spheroid. The second term
in eq. 1.19 describes the shape anisotropy. For small values of η the effective anisotropy
field is given by
HA =
(
N⊥ −N‖
)
M (1.20)
In the case of thin films, all the tensor elements other than N⊥ are zero. N⊥ = 1 for thin
films. Hence the anisotropy energy contribution is equal to [85]
E =
{
1
2
µ0M
2
s cos
2 η
}
V (1.21)
Here the magnetization is assumed to be uniform with a magnitude equal to the saturation
magnetization Ms, and subtends an angle η with the film normal. V is the volume of
the film. According to this expression, the contribution favors an in-plane preferential
orientation for the magnetization.
1.4.5 Exchange Anisotropy and Exchange Interaction
Exchange anisotropy arises from the exchange coupling between two magnetically ordered
systems placed in proximity to each other. It was discovered first by Meiklejohn and
Bean in 1956 [86, 87]. More specifically, it is seen in sandwiches where ferromagnetic
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material and antiferromagnetic material are placed in close proximity to each other. The
exchange interaction between the materials of different magnetic phases gives rise to
exchange anisotropy. When a hybrid FM-antiferromagnet is cooled in a static field from
a temperature above the Ne´el temperature (TN) but below Tc of FM (TN < T < Tc), the
hysteresis loop of the system below TN is shifted in the field axis in the opposite direction
with respect to the cooling field. The shift thus observed is known as the exchange bias.
The coercive field of the material also goes up after field cooling. These effects disappear
once the temperature approaches the Ne´el temperature of the antiferromagnet confirming
that this effect is due to the presence of antiferromagnet material. An intuitive argument
to explain this anisotropy can be given as follows. Consider an FM-antiferromagnet couple
at a temperature below Tc but above TN . The FM layer in the presence of a field will be
ferromagnetically aligned but the antiferromagnet layer will have a random orientation
of its spins. Once the temperature is cooled below TN , the spins close to the interface
will ferromagnetically align with respect to the FM spins and the other spin planes in the
antiferromagnet will follow the antiferromagnetic alignment with respect to the interface
spins. Now, when the field is scanned at a particular temperature, on reversing the
field and for sufficiently high spin stiffness of antiferromagnet, the antiferromagnet spins
remains unchanged but the FM spins start experiencing a finite torque from the external
applied field to align themselves in the field direction as well as a microscopic torque from
the interface spins of the antiferromagnet layer. As a result the spins in the FM layer
align parallel to the applied reverse field only when the torque applied by it is larger than
that applied by the interface spins of antiferromagnet. By the same line of argument,
when the field is again reversed to its original direction, then the FM spins get aligned
parallel to interface spins at a lower field because of their interaction with interface spins.
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From these arguments it is clear that there is only one stable configuration for this couple
once the direction of AF alignment is decided. Hence this is also known as unidirectional
anisotropy unlike the uniaxial anisotropy which has energy minima at position 180o to
each other. Experimentally this effect was observed for the first time by Meiklejohn and
Bean [86, 87] in a nominal sample of Co nanoparticles. Later it was established that a
fraction of nanoparticles were converted to CoO which is antiferromagnetic, meaning that
the particles had a ferromagnetic core of Co with an antiferromagnetic CoO shell.
The phenomenon responsible for aligning spins in a ferromagnetic material is known
as exchange interaction. If we consider two spins Si and Sj on sites i and j, the exchange
energy will be proportional to ~Si. ~Sj. The exchange energy in this case can be written as
[88]
E = −
∑
i 6=j
Jij ~Si. ~Sj (1.22)
where Jij is the exchange integral and it is positive for parallel alignment of ~Si and ~Sj .
The exchange energy for neighboring spins is dependent only upon the angle between
them hence it does not give rise to anisotropy. But this is not the case when we consider
magnetic multilayers separated by non-magnetic spacers. In this case, the exchange energy
term will have two parts: an isotropic exchange coupling and an anisotropic Dzialoshinski-
Moriya exchange coupling [89]. The exchange energy in this case will be written as
Eex = −2J(z) ~M1. ~M2 (1.23)
where J(z) is the exchange coupling constant, ~M1 and ~M2 are the magnetization of the
adjacent magnetic layers and z is the non-magnetic layer thickness. This term will have
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a maximum when the magnetization vectors are aligned parallel to each other. The
anisotropic term of the exchange energy will be [89]
Eaniso = JDM(z).
(
~M1 × ~M2
)
(1.24)
where JDM is the Dzialoshinski-Moriya exchange constant. The cross product will result
in a vector perpendicular to the layer magnetization. For positive JDM , we will have
in-plane moment alignment while negative JDM will give rise to out-of-plane alignment.
1.4.6 Magnetoelastic Anisotropy
Magnetoelastic anisotropy arises from the change in lattice parameters due to strain in the
lattice. We know that the spin moments are coupled to the lattice via the orbital motion
of electrons. Now if the distances between the magnetic atoms are altered due to strain,
then the lattice interaction energies are also changed and hence cause the anisotropy. In
order to understand the dependence of magnetization on stress, let us consider a stress
of σNm−2 acting on a ferromagnetic body. Let the direction cosines of this tension be
(γ1, γ2, γ3) and let θ be the angle between the magnetization and tensile stress direction.
For the isotropic magnetostriction we can write the magnetoelastic energy as [90]
Eσ = −3
2
λσ cos2 θ (1.25)
where λ is the magnetostriction constant. So when the magnetization rotates, the mag-
netoelastic energy changes producing a kind of uniaxial anisotropy. In thin films, large
mismatches between the lattice parameters of the substrate and the material of the thin
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film can alter the easy axis of magnetization. For example, if λ is positive, as in a metallic
iron, the easy magnetic direction or the direction of minimum energy will be along a
direction of tensile stress.
1.4.7 Anisotropic magnetoresistance
Anisotropic magnetoresistance is defined as the difference in resistivity of a magnetic
material depending on whether the sample magnetization is parallel (ρ‖) or perpendicular
(ρ⊥) to the current direction. In most cases ρ‖ > ρ⊥ but exceptions are plentiful [94,
95, 96]. The resistivity varies continuously with the angle θ between the magnetization
direction and the current direction as [91]
ρ(θ) =
ρ‖ + ρ⊥
2
+
[
cos2 θ − 1
2
] (
ρ‖ − ρ⊥
)
(1.26)
Now the zero field resistance (ρ0) for a truly randomly demagnetized sample is the sta-
tistical average of the resistivity calculated over all directions of the magnetization with
respect to the current direction and is given by [91]
ρ0 = ρav =
pi∫
0
ρ(θ) sin θdθ
pi∫
0
sin θdθ
=
ρ‖ + 2ρ⊥
3
(1.27)
So the anisotropic magnetoresistance (AMR) of a sample, defined as ∆ρ/ρav, can be
written as
∆ρ
ρav
=
ρ‖ − ρ⊥
1
3
ρ‖ +
2
3
ρ⊥
(1.28)
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But for simplicity in this definition the denominator is replaced by ρ⊥ [93]. On simplifi-
cation, eq. 1.26 yields
ρ(θ) = ρ⊥ +
(
ρ‖ − ρ⊥
)
cos2 θ
⇒ ρ(θ) = ρ⊥ +∆ρ cos2 θ (1.29)
This relation is the fundamental relation defining the magnetoresistance of the sample
with respect to the angle between the applied field and the current direction. Though in
general one should see a cos2 θ dependence in AMR, it should be noted that deviations
from this behavior are also observed [94, 95, 96].
1.4.8 Experimental studies of magnetoresistance in simple fer-
romagnets
Experimental studies in simple ferromagnets were carried out as early as 1857 by William
Thomson when he discovered anisotropic magnetoresistance in ferromagnetic metals [97].
But it was not until a century later that this effect was used in the recording industry.
Although there have been a variety of studies on simple ferromagnets, we will focus
only on the anisotropy aspect of the problem. In 1951 Smit [98] reported anisotropic
magnetoresistance in iron. He could see a distinct difference in the resistance of the
sample when the applied field was rotated from a direction parallel to the current to one
that was perpendicular. He attributed this anisotropy to spin orbit coupling between
the 4s and 3d electronic states. Van Elst [99] measured the MR-anisotropy of a large
number of nickel alloys and found that in the alloys with V, Cr, Mo and W, the relative
magnetoresistance anisotropy(∆ρ/ρ) was smaller than in alloys with Cu and Mn. The
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smaller ∆ρ/ρ has been attributed to the smearing out of the 3d orbitals of the Ni atom
due to the addition of non magnetic components. Here ∆ρ/ρ is defined as;
∆ρ
ρ
= 2
(
ρ‖,0 − ρ⊥,0
ρ‖,0 + ρ⊥,0
)
(1.30)
where ρ‖,0 and ρ⊥,0 are the values obtained by extrapolating to H=0 the electrical resis-
tances in parallel (ρ‖) and transverse (ρ⊥) strong magnetic fields.
These works of Smit [98] and Van Elst [99] marked the beginning of a period of
many new experimental and theoretical studies related to anisotropic magnetoresistance.
Dahlberg et al. [94] showed how simple magnetotransport measurements can be used
to determine various anisotropy energies of epitaxial ferromagnetic films. They have
studied the case of Fe film grown on (110) GaAs using molecular beam epitaxy in great
depth. In a recent work, van Gorkom et al. [96] have measured the magnetization
angle dependent resistance of (110) Fe films grown on (1120) sapphire. They analyzed
their data using Do¨ring’s [100] formalism and found that the dependence of MR on the
magnetization direction is not just a simple cos2 ψ where ψ is the angle between ~M and
the easy axis but rather higher order terms like cos4 ψ also contribute to the angular
dependence. Some of the earliest works on anisotropy in Ni thin films were those of
Coren et al. [101] and Marsocci [102, 103]. Coren et al. [101] tried to reveal the magnetic
domain structure and anisotropy using magnetoresistance studies. They concluded that
the anisotropy in their measurements was more or less related to strain in their films.
Marsocci [102, 103] measured the transverse magnetoresistance of (100) Ni deposited on
polished NaCl substrate. The data were analyzed in the light of Smit’s [98] explanation
of anisotropy in magnetic materials. The analysis presented in the work showed that
1. Introduction 29
spin-orbit interaction was the deciding factor in magnetoresistance measurements.
1.4.9 Experimental studies on manganites
Manganites are a class of compounds denoted by the general formula Re1−xAxMnO3 where
Re is a rare earth metal like La, Nd, Pr etc. and A is an alkaline earth metal (Ba, Ca,
Sr). This class of doped perovskites has been extensively studied in the last two decades.
Here, we will briefly discuss some key results on the anisotropic MR of manganite thin
films. As discussed in the previous section, extensive literature exists on the phenom-
ena of anisotropic magnetoresistance (AMR), rotational magnetoresistance (RMR) and
orbital magnetoresistance (OMR) in polycrystalline samples of ferromagnets like Fe, Ni
and their alloys [92, 104, 105, 106]. However, extending the origin of RMR in elemental
ferromagnets to complex ferromagnetic oxides of poorly understood magnetocrystalline
anisotropy, nature of the charge carriers, their scattering mechanism and their coupling
to lattice and spin degrees of freedom are not straightforward.
Most of the studies reported till date on anisotropy of magnetoresistance in man-
ganites have been carried out on epitaxial films of the average bandwidth compound
La1−xCaxMnO3 (LCMO, x≈0.3) deposited on (100) cut SrTiO3 . These ferromagnetic
films have in-plane magnetization with (001) as the magnetic easy axis and the magnetic
ordering temperature is ≈270 K. For example, the measurements of Eckstein et al [107]
show a striking anisotropy and hysteresis in the low-field MR for ~I‖ ~H and ~I⊥ ~H config-
urations, which they attribute to magnetocrystalline anisotropy and colossal magentore-
sistance. Ziese and Sena [108], and Ziese [109] have also measured the low-field resistance
anisotropy for ~I‖ ~H and ~I⊥ ~H configurations in LCMO films at several temperatures.
While the sign and magnitude of their AMR are consistent with the phenomenological
30 1.4. Magnetic anisotropy in magnetic thin films
s − d scattering model of Malozemoff [106], its temperature dependence needs interpre-
tation. Infante et al [110] have measured the isothermal MR as a function of the angle θ
between ~I and ~H at 180 K in (110) oriented LCMO epitaxial films. They attribute the
hysteretic angular dependence of MR seen at low field to the in-plane uniaxial anisotropy
of these films. Hong et al. [111] have investigated the effect of injected charges, using a
field effect geometry, on AMR of (100) oriented epitaxial La0.7Sr0.3MnO3 films in order
to separate the contributions of carrier concentration and disorder caused by chemical
doping to AMR. It is to be noted that a systematic study, especially of the low field
regime, of AMR on different polytypes of La2/3Sr1/3MnO3 has still not appeared in the
literature. While we have talked about anisotropy studies in manganites it is important to
discuss the temperature dependence of AMR. Ziese et al. [108] studied the temperature
dependence on epitaxial and polycrystalline thin films of LCMO. The AMR is negative
throughout the range of measurement. It was observed that there is a dip in the AMR
near the Curie temperature of the sample for epitaxial films. The polycrystalline sample
did not show any well defined peak or dip. They argued that the presence of an AMR
peak near the CMR peak essentially means that AMR is caused by same scattering pro-
cess as CMR. Later on, Amaral et al. [112] studied the temperature dependent AMR in
(110) LCMO. They too found a dip in the AMR near the Tc of the LCMO film. While
these temperature dependent AMR have been seen, a clear explanation to these effects is
still lacking.
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1.5 Heterostructures of high-Tc cuprates and man-
ganites
To make heterostructures for the study of the proximity effect and magnetic anisotropy
in thin films, it is essential that the following points be taken into consideration;
1. The pair breaking effects of the ferromagnet should not be too large to suppress
superconductivity completely.
2. The transition temperature of the superconductor should be high.
3. The lattice parameters of both the compounds should be identical so that the films
are not under stress. This would help avoid magnetoelastic anisotropy effects.
4. The interface between the FM and SC layers should be clean and free from any
chemical mixing.
Some of the above requirements are satisfied by heterostructures of high-Tc cuprates and
manganites. The manganites are known to have low exchange energy, for example, the
exchange energy of LSMO is 2meV while for ferromagnets like Fe, Co and Ni it is 270, 360
and 160 meV respectively, which makes it possible for the superconductivity to survive in
cuprate-manganite bilayers and trilayers. From the experimental point of view, the high
transition temperature of the superconductor makes it possible to perform experiments
without requiring very low temperature setups which are costly as well as technologically
challenging to handle. From the fabrication point of view, HTSC–manganites are most
suited in the sense that their lattice parameters are close to each other with perovskite
structures, the effect of strain on the films are reduced to negligible levels. Due to these
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reasons, heterostructures of YBCO and LSMO (or LCMO) are extremely popular with
researchers studying proximity effects. In the following few sections and subsections I will
discuss briefly some important works in this area starting with a brief introduction to the
materials of our choice, namely YBa2Cu3O7 and La2/3Sr1/3MnO3 .
1.5.1 YBa2Cu3O7 : Structure and phase diagram
Of all the cuprate superconductors, YBa2Cu3O7 is the most extensively researched com-
pound. Discovered in 1987 by Wu et al. [113], YBa2Cu3O7 has a Tc of 90K. Although it
has an orthorhombic structure, a transition into the tetragonal phase is observed above
∼ 600oC [114]. The lattice parameters a, b and c are 3.82 A˚, 3.88 A˚ and 11.68 A˚ respec-
tively [5]. The structure has two Cu–O sheets in the ab–plane and Cu–O chains along
the b-axis (Fig. 1.2). The structure of orthorhombic YBa2Cu3O7 derives from the sto-
ichiometric perovskite by elimination of rows of oxygen atoms parallel to the a-axis at
the z = 0 and z = 1/2 levels. YBCO can be thought of as a stack of different layers in
the following order CuO–BaO–CuO2 –Y–CuO2 –BaO–CuO, as shown in Fig. 1.2. The
separation between two consecutive sets of CuO2 planes is ∼ 8 A˚ along the c-axis. The Cu
atoms in the CuO2 plane are coordinated by five oxygen atoms forming a pyramid with
the apex pointing away from the Y atom. The apex oxygen in the pyramid is closer to
the fourfold coordinated Cu in the CuO chain (∼ 1.85 A˚) than the Cu of the CuO2 plane
(∼ 2.3 A˚) along the c-axis, showing the tendency of copper to adopt the square–planar
coordination within the layers. This results in the CuO2 layers behaving as two dimen-
sional planes perpendicular to the c-axis. This also explains the anisotropy of YBCO
between the ab-plane and the c-axis. The Cu atoms in the CuO layers are coordinated
by four oxygen atoms in the square planar geometry. The missing oxygen atom along
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Figure 1.2: Crystal structure of YBa2Cu3O7
the a-axis in the CuO layers accounts for the slight difference between the a and b lattice
parameters [115, 116].
The electronic phase diagram of YBa2Cu3O7−δ is controlled by the oxygen occupancy
in the CuO chains. The valency of the copper atoms in a fully doped YBCO (δ ∼ 0) is
∼ 2.33, due to a mixture of 2Cu2+ and Cu3+ ions [116]. On increasing δ, the oxygen aloms
in the CuO chains are preferentially removed [117] causing a hole depletion from the CuO2
planes until the compound YBa2Cu3O6 is reached with no CuO chains at all. YBa2Cu3O6
is an antiferromagnetic insulator with TN ∼ 500 K [118]. Band structure calculations by
Pickett [119] show that there is a considerable nesting of the Fermi surface associated with
the hybridization of the Cu3d
x2−y2
–O2p band in the CuO2 plane. This makes the Fermi
surface unstable and an energy gap opens up making YBa2Cu3O6 insulating. Fig. 1.3
shows the phase diagram of YBa2Cu3O7−δ as a function of oxygen doping. In the regime
34 1.5. Heterostructures of high-Tc cuprates and manganites
1.0 0.8 0.6 0.4 0.2 0.0
0
150
300
450
0
150
300
450
T C
(K
)
SC
AFI
Tetragonal Orthorhombic
Normal metal
 
 
T N
(K
)
Figure 1.3: The electronic phase diagram of YBa2Cu3O7−δ as a function of oxygen doping.
0.7 ≤ δ ≤ 1, the compound is insulating and antiferromagnetic with a steep decrease in
TN for lower δ. At δ = 0.6, the oxygen ordering in CuO chains gives rise to a transition
from the tetragonal to the orthorhombic phase [120].
1.5.1.1 Superconductivity in YBCO
When we talk of superconductivity in YBCO, the first things that come to mind are the
transition temperature and the order parameter of this cuprate superconductor. The sym-
metry in this case is fundamentally different from the conventional BCS superconductor.
It is now a well established fact that superconductivity in these cuprates originates in the
CuO2 layers. Accordingly, the pairing symmetry also reflects some underlying symmetry
of the Cu–O plane [121]. The pairing symmetry of high-Tc superconductors is acknowl-
edged to be highly anisotropic with nodes along certain directions in the momentum space
[122, 123]. The shape of the pairing symmetry and the magnitude of the order parameter
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Figure 1.4: dx2−y2 and anisotropic s-wave symmetry of the pairing state and the corresponding magnitude
of the order parameter. (adapted from ref. [123])
in the case of dx2−y2 and anisotropic s is shown in fig. 1.4. Phase sensitive tests employ-
ing SQUID interferometry [124] and more recently angle resolved electron tunneling [125]
have established a preferential dx2−y2 nature of pairing in YBCO.
A further scrutiny of the properties of high-Tc cuprates reveals that unlike conven-
tional metallic superconductors in the normal state, which can be described within the
framework of Fermi-liquid theory, a different pairing mechanism is needed in this case.
This is due to compelling evidences for the non Fermi-liquid nature of the normal state in
these cuprates. Secondly, in BCS superconductors, a hierarchy of energy scales is main-
tained, i.e. Ef > ~ωD > kBTc, where Ef and ωD are the Fermi energy and the Debye
frequency respectively. But this is not the case in high-Tc cuprates where the Debye
temperature TD is comparable to Tc.
A closer scrutiny of the superconducting properties of high-Tc demands a serious look
into the pairing mechanism. One of the suggested mechanism is through spin-charge
separation. If holes are introduced into a 2D antiferromagnetic spin matrix, it causes a
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kinetic energy frustration leading to the formation of quasi one dimensional “hole-rich”
and “hole-poor” spin stripes [126]. In this case the spin and charge excitations can be
treated independently of each other as spin-solitons (spinons) and hole-solitons (holons)
[127]. A spin pairing mechanism explained this way need not be affected by the strong
charge repulsion (Coulomb repulsion).
Apart from that, phonon mediated pairing mechanisms in the presence of short anti-
ferromagnetic correlations is also considered to be a potential candidate in cuprates [121].
Experimental evidences in support [128] and against [129] the contribution of phonons in
the pairing mechanism of HTSC are present. As of now there is no consensus on the issue
of pairing mechanism in cuprates.
1.5.2 La1−xSrxMnO3 : Structure and phase diagram
Electrical and magnetic properties of transition metal oxides are strong functions of the
crystal field in which the ion resides. Transition metal oxides showing fascinating physical
properties, have in general perovskite type crystal structure with a general formula of
ABO3. Perovskite manganites have a general formula of the type Re1−xAexMnO3 where
Re and Ae stand for trivalent rare earth and divalent alkaline earth metals respectively.
A schematic of a perovskite manganite unit cell is shown in Fig. 1.5. The Mn atom
sitting at the center of the cube is coordinated by six oxygen atoms sitting at the face
centers of the cube. The corners of the cube are occupied by rare earth metal ions. The
five fold degenerate d-orbital of the central Mn ion is split into t2g and eg orbitals under
the influence of the octahedral field of the negative oxygen ligands. The approximate
separation between these levels is ∼ 1.5 eV. Fig. 1.6 shows the relevant energy splitting
associated with the 3d orbital of the Mn ion. The Mn3+ ion has four 3d electrons which
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Figure 1.5: Crystal structure of La1−xSrxMnO3.
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Figure 1.6: Splitting of Mn 3d orbital due to the octahedral crystal field of oxygen ions. ∆crystal is the
crystal field splitting and ∆JT is the splitting due to Jahn-Teller distortions.
are distributed as t32ge
1
g, with only one electron in the doubly degenerate eg orbital. As a
result, the Jahn Teller distortion deforms the MnO6 octahedron giving rise to a slightly
distorted cubic structure for the parent compound LaMnO3. Another common source of
lattice distortion in manganites is the relative unit cell filling fraction of the Re and Mn
sites quantified by the tolerance factor f , defined as f = (rMn + r0) /
√
2 (rRe + r0) where
r is the average ionic radius of the respective ions. A deviation of the tolerance factor
f from the ideal value of 1 results in a distortion of the Mn-O-Mn bond and deviation
from ideal cubic structure. The crystal structure is very stable against doping of the Re
site. As a consequence, the complete phase space for carrier doping is accessible like in
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Figure 1.7: Phase diagram of La1−xSrxMnO3 with Sr
2+ concentration. States denoted by abbreviations:
PI, paramagnetic insulating; PM, paramagnetic metallic; CI, spin-canted insulating; FM, Ferromagnetic
metal; FI, Ferromagnetic insulator.(Adapted from ref. [130])
La1−xCaxMnO3. In the case of La1−xSrxMnO3, stable structures are formed for x < 0.7.
Fig. 1.7 show the complete phase diagram of La1−xSrxMnO3 with respect to ‘x’. The
different phases seen as we move from x=0 to x=0.5 result from the interplay between
three primary energy scales; i) the one electron bandwidth W 1 ∼ 0.2 eV, ii) the on-site
Coulomb repulsion U ∼ 5 eV, and iii) Hund’s coupling energy (JH) between eg and t2g
electrons, which is ∼ 2 eV. Apart from this, another energy in action is the crystal field
splitting (∼ 1.5 eV) of the Mn3+ ion. The end member at zero doping (LaMnO3) is a Mott-
Hubbard insulator which shows A-type antiferromagnetic ordering [130]. For x < 0.15, we
have a spin-canted state which is insulating [131], although for x > 0.10 the spin-ordered
phase is almost ferromagnetic. The ferromagnetic insulating phase has a narrow regime
of existence between x = 0.1 and x = 0.17. In this region, the double exchange carrier
1W = 2ztij , where z is the number of unpaired electrons on each site and tij is the transfer probability
between neighboring sites.
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is subject to (Anderson) localization but can still mediate the ferromagnetic interaction
between neighboring sites and give rise to the ferromagnetic state in a bond-percolation
manner. As x is further increased, a ferromagnetic phase appears below Tc which steeply
increases with x up to 0.3 and then saturates [132]. The effective transfer matrix tij (and
consequently the one electron band width W) depends on the relative orientation of the
relevant site. This means a ferromagnetic alignment will lead to considerable enhancement
in the bandwidth and a metallic state can be realized. La2/3Sr1/3MnO3 is therefore a
ferromagnetic metal with a Curie temperature ∼360 K. Here we should also note that
when we replace the rare earth site with a divalent alkaline earth metal like Sr, we are
forcing some of the Mn3+ ions into Mn4+ states with a orbital structure t32ge
0
g. Since the
Hund’s coupling energy JH is larger than the crystal field splitting, all spins in the Mn
ion are parallelly aligned. Hence increasing the hole filling by substitution of Sr reduces
the average moment per Mn ion from 4µB to 3µB.
1.5.2.1 Magnetism in LSMO
The correlation between ferromagnetism and metallicity in doped perovskite is explained
by the Double exchange mechanism developed by Zener [133] which was further refined
by Anderson and Hasegawa [134] and de Gennes [135]. This model couples localized
spins through indirect exchange mediated by conduction electrons. In LSMO, when the
La site is doped with divalent Sr2+, some of the Mn3+ is forced into the Mn4+ state.
The lone electron in the eg orbital of Mn
3+ now finds an empty eg orbital at a nearby
Mn4+ which is bridged through an oxygen ligand. The Mn3+-O-Mn4+ and Mn4+-O-Mn3+
states are degenerate and hence the transfer probability of the electron becomes one. But
it is to be noted that these two states are equivalent only in the framework of strong
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Hund’s coupling (JH). So for metallic behavior it is essential that the neighboring spins
are ferromagnetically aligned. Now we have seen earlier in the phase diagram of LSMO
that a spin canted state is also stable. But in this case below a certain critical angle
the compound can be weakly ferromagnetic but insulating. This is because the transfer
probability is dependent on the relative angle between the neighboring spins, so below
a critical canting angle a finite magnetic moment can be seen but the effective transfer
integral may be very small. This is the explanation for the spin-canted insulating phase
of manganites at certain doping concentrations.
1.5.3 Experimental studies on cuprate - manganite heterostruc-
tures
Advances in thin film synthesis and the structural similarity between high-Tc cuprates
and manganites combined with their relatively high chemical inertness towards each other
make it possible to realize FM-SC hybrids of these classes of materials with extremely
well defined interfaces. The earliest work on these hybrids was reported by Kasai et al.
[136]. They measured the I-V characteristics of YBCO-LCMO-YBCO junctions and found
measurable critical current through LCMO layers as thick as 500 nm. Later these results
were interpreted as evidence of the proximity effect by the same authors [137]. They
suggested that the coupling between YBCO is stronger than in conventional Josephson
junctions. Chahara et al. [138] studied the magnetoresistance effects of LCMO-YBCO-
LCMO and LCMO films at 77K. They found that the magnetoresistance of the trilayer
was dependent on the thickness of the YBCO layer and that it was at least 1.5 times
larger than LCMO films when the YBCO thickness was below 2500 A˚. The authors
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have speculated that a long range coupling between the LCMO layers was responsible
for the enhanced MR. The logic behind this reasoning is that the enhanced MR is seen
only when the YBCO layer is thinner than 2500 A˚. Jacob et al. [139] have studied the
electrical properties and giant magnetoresistance (GMR) effect in c-axis oriented LBMO-
YBCO multilayers. They concluded from their magnetoresistivity study that GMR effect
is compatible with the existence of high Tc superconductivity in the superlattices. Below
Tc both superconductivity in YBCO and magnetism in LBMO coexisted. Vas’ko et al.
[140] reported strong suppression of the critical current of a DyBCO layer in DyBCO-
La2CuO4-LSMO structures due to a current flowing in the LSMO layer. They attributed
this to the pair-breaking effects associated with the injection of spin polarized carriers
in the superconducting layer. Similar experiments on supercurrent control through the
injection of spin-polarized carriers were demonstrated on LSMO-YBCO structures by
Stroud et al. [141], Yeh et al. [142], Fabrega et al. [143] and Chen et al. [144] and in
YBCO-STO-LSMO junctions by Plausinaitiene et al. [145]. A review on the subject of
spin-injection in cuprate manganite heterostructures has been published by Goldman et al.
[5]. Suppression of superconducting transition temperature and saturation magnetization
were observed in LSMO-YBCO multilayers [19, 20] as well as bilayers [146]. Sefrioui et
al. [21, 147] made a comparative study of Tc suppression in LCMO-YBCO and PBCO-
YBCO multilayers. Similarly Pang et al. [148] reported a study on Tc suppression in
LSMO-YBCO multilayers.
These studies discussed above clearly demonstrate two aspects of these hybrids:- i)
Superconductivity in cuprates is suppressed by the proximity of the manganite due to
the pair-breaking effects of injected spin polarized carriers and ii) The cuprate-manganite
heterostructures emerge as potential candidates for spintronic applications due to the
42 1.5. Heterostructures of high-Tc cuprates and manganites
ability to control critical current through spin polarized carrier injection into the cuprates.
The case of long range proximity effect in cuprate-manganite hybrids, which was first
addressed by Kasai et al. [136, 137], has recently been revisited by Pen˜a et al. [9,
149] using LCMO-YBCO superlattices. A GMR effect has also been reported in these
multilayers [149, 150] which is attributed to a spin dependent transport rather than vortex
dissipation or AMR of the ferromagnetic layer. Apart from these, an observation of the
oscillatory transition temperature as a function of the FM layer’s thickness has also been
reported in YBa2Cu4O8–LCMO–YBa2Cu4O8 [151].
The discussion on experimental study is not complete without a short review of the
work done on YBa2Cu3O7 - La2/3Sr1/3MnO3 hybrids in our group [10, 24, 73]. The first
paper in the list [10] addresses the influence of the ferromagnetic boundary on the Tc
of LSMO-YBCO-LSMO trilayers. The effect was attributed to the pair-breaking phe-
nomenon near the F-S interface. The measured magnetization loops showed clear signs of
antiferromagnetic coupling between FM layers both below and above Tc. The exchange
coupling between the FM layers increased with a decrease in temperature but eventually
saturated at low temperatures. The coupling decreased exponentially with increasing
spacer layer thickness. The second paper in the list [24] reported oscillations in criti-
cal current of LSMO-YBCO-LSMO trilayers as a function of the LSMO thickness. The
period of such oscillations was found to be ∼ 200 A˚. The oscillations were attributed
to the LOFF-like oscillatory superconducting order parameter near the FM-SC interface
in the limit of weak exchange energy. The third paper [73] shows a comparative study
on Tc suppression in FM-SC-FM and NM-SC-NM hybrids. The NM in these studies in
PrBa2Cu3O7 . There it has been said that all the effects of the FM boundaries on the
mixed state are embodied in the critical thickness ξc, over which superconductivity is
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quenched by pair breaking.
1.6 Motivation of the present work
In this thesis we will mostly discuss electronic transport and magnetic properties of two
polytypes of La2/3Sr1/3MnO3 [(001) and (110) oriented epitaxial films], (110) oriented
La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3 trilayers and (001) oriented
La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7 - La2/3Sr1/3MnO3 trilayers. While a cursory thought
at these structures may suggest a disjointed problem, we will show that the magnetism,
its anisotropy, magnetoresistance and superconductivity in these structures are connected
in fascinating ways. First of all our literature survey shows that a study on the hybrids
of high-Tc cuprates and manganites is a very interesting and not so rigorously studied
area. Since both manganites and cuprates are exotic, an understanding of the phenomena
arising from the proximity effects of these hybrids would facilitate the understanding of
the origin of the ferromagnetism in former and most importantly superconductivity in
the latter. The research done thus on cuprate-manganite heterostructures is limited to
systems where the CuO2 planes are parallel to the plane of the interface. Such structures
do not allow injection of quasiparticles along the nodal or fully gapped directions of the
Fermi surface of the cuprate. In order to overcome this difficulty, it is necessary to grow
the YBCO layer with crystallographic orientation such that the CuO2 planes are normal
to the substrate. This can be achieved by growing either (100)/(010) or (110) oriented
YBCO films. While the (100)/(010) and (110) YBCO oriented films on lattice matched
substrates have been deposited successfully [152, 153, 154], the growth of an FM - SC het-
erostructure or superlattice with the CuO2 planes normal to the plane of the substrate is
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quite non-trivial. The reason for non-triviality is as follows. The growth recipe for growing
films with c-axis parallel to the substrate plane involves a heterotemplate technique. In
our case the template is PBCO. Same template is used for (100)/(010) YBCO growth. In
case we employ this growth recipe then the YBCO layer between FM layers has majority
grains with c-axis perpendicular to the plane of the substrate. This happens probably due
to complete loss of information that allows the YBCO to grow with c-axis parallel to the
surface in the absence of intervening LSMO layer. This can be understood in this way that
the lattice parameter of LSMO and YBCO (a and b axis) are close to each other. So when
there is a LSMO layer on which the YBCO has to grow then it takes the preferred growth
direction which is the c-axis perpendicular to plane of the substrate. For (110) growth
this is not a problem since on (110) LSMO only three orientations for YBCO are possible,
(110), (103) and (013), which can be tuned by tuning the growth temperature of PBCO,
LSMO and YBCO layers which is not possible for (100)/(010) growth. One of the key
results of this thesis is the successful synthesis of La2/3Sr1/3MnO3 - YBa2Cu3O7 hybrids
such that the CuO2 superconducting planes are normal to the interface, thus allowing di-
rect injection of spin polarized electrons into the superconducting planes. We compare the
properties of such structures with those where CuO2 planes are parallel to the interface.
One such example is of La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7 -La2/3Sr1/3MnO3. Here we
address the fundamental problem of magnetoresistance in a spin-valve structure where
the spacer material is a superconductor. In order to take into account the anisotropy of
the order parameter, we make structures which allow transport of spin-polarized carriers
from LSMO along different crystallographic directions of YBa2Cu3O7. But, in order to
study all these effects, it is essential to understand the role of the anisotropies in LSMO.
A systematic study of magnetic and magnetotransport anisotropies in La2/3Sr1/3MnO3
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is lacking. The major objectives of the thesis are listed below.
First: To develop a stable growth recipe for growing La2/3Sr1/3MnO3 - YBa2Cu3O7
hybrids where the CuO2 planes are perpendicular to the interface.
Second: To study in detail the anisotropy of two polytypes of La2/3Sr1/3MnO3 namely
(001) and (110), since their knowledge is important for our understanding anisotropy
in FM-SC hybrids.
Third: To investigate the superconducting and magnetic properties of a, b-axis
oriented La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3 hybrids with an emphasis
on the GMR effects in these hybrids.
Fourth: To study the GMR effects in La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7 hybrids and
compare the results with a, b oriented hybrids.
The layout of the thesis is as follows:
Chapter 1 is an introduction to the basic concepts of superconductivity, magnetism
and their interplay in hybrid structures. The structure and electronic phase diagram of
the superconducting (YBa2Cu3O7−δ) and magnetic (La1−xSrxMnO3) components of the
hybrid structures have been reviewed. Here, we also discuss the magnetic anisotropy
associated with magnetic materials and their implications on this magnetic film. This
chapter also presents a contextual survey of the current experimental results and theoreti-
cal predictions concerning ferromagnet-superconductor heterostructures and the magnetic
properties of simple and complex ferromagnets.
Chapter 2 presents a detailed layout of the various experimental procedures used
in this thesis. First, we have described the method of preparation of thin films and
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trilayers using the pulsed laser deposition technique. Then we discuss various techniques
for the characterization of these thin films. Finally, the magnetization and transport
measurement techniques are briefed.
Chapter 3 presents our studies of electron transport and magnetism in two polytypes
of La2/3Sr1/3MnO3 films. We have focussed on the isothermal magnetoresistance [R(θ,
H)] of (001) and (110) epitaxial films measured as a function of the angle (θ) between
the current (~I) and the magnetic field ( ~H), both in the plane of the film, at several tem-
peratures between 10 and 300K. The magnetic easy axis of these polytypes is intimately
related to the orientation of Mn - O - Mn bonds with respect to the crystallographic
axis on the plane of the substrate and the energy equivalence of some of these axes. The
magnetization vector ( ~M) of the (001) and (110) type films is pinned along the (110) and
(001) directions respectively at low fields. A magnetization reorientation phase transi-
tion (MRPT), which manifests itself as a discontinuity and hysteresis in R(ψ) where ψ
is the angle between ~H and the easy axis for the ~H below a critical value ~H∗, has been
established. The boundary of the pinned and depinned phases on the H-T plane has been
established. The highly robust pinning of magnetization seen in (110) films is related
to their uniquely defined easy axis. The isothermal resistances R⊥ and R‖ for ~I⊥ ~H and
~I‖ ~H respectively for both polytypes follows the inequality R⊥ > R‖ for all ranges of fields
(0 ≤ H ≤ 3500 Oe) and temperatures (10K - 300K). A full fledged analysis of the ro-
tational magnetoresistance is carried out in the framework of Do¨ring theory for MR in
single crystal samples. Strong deviations from the predicted angular dependence are seen
in the irreversible regime of magnetization.
Chapter 4 presents our work on (110) LSMO-YBCO hybrids. We first discuss the
growth of YBCO–LSMO heterostructures of (110) orientation perpendicular to the plane
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of the film to allow direct injection of spin polarized holes from the La2/3Sr1/3MnO3 into
the CuO2 superconducting planes. The magnetic response of the structure at T < Tsc
shows both diamagnetic and ferromagnetic moments with the (001) direction as magnetic
easy axis. While the superconducting transition temperature (Tsc) of these structures is
sharp (∆Tsc ≃ 2.5 K), the critical current density (Jc) follows a dependence of the type
Jc = Jo(1 − TTsc )
3
2 with a highly suppressed Jo (≃ 2 × 104 A/cm2) indicating strong pair
breaking effects of the ferromagnetic boundaries. Further studies on the trilayer reveal
a strong coupling between the FM layers. The coupling is an order of magnitude higher
than that seen in the case of (001) trilayers validating an earlier prediction. We also
report an unusually high (∼ 72000%) angular magnetoresistance in these trilayers.
Chapter 5 presents some key results of our work on La2/3Sr1/3MnO3 -Y1−xPrxBa2Cu3O7-
La2/3Sr1/3MnO3 system with x = 0.4. Here the relevance of pair-breaking by exchange and
dipolar fields, and by injected spins in a low carrier density cuprate Y0.6Pr0.4Ba2Cu3O7
sandwiched between two ferromagnetic La2/3Sr1/3MnO3 layers is examined. At low exter-
nal field (Hext), the system shows a giant magnetoresistance (MR), which diverges deep
in the superconducting state. We establish a distinct dipolar contribution to MR near the
switching field (Hc) of the magnetic layers. At Hext ≫ Hc, a large positive MR, resulting
primarily from the motion of Josephson vortices and pair breaking by the in-plane field,
is seen.
Chapter 6 presents a brief summary of the important results of our experiments
discussed in this thesis. Here we also identify some issues which are potentially interesting
for further studies.
Chapter 2
Detailed experimental layout
2.1 Introduction
This chapter details the major experimental techniques used to carry out the present
research. Epitaxial thin films and trilayer samples were fabricated using a KrF pulsed
excimer laser based deposition technique. A number of deposition runs were taken in order
to optimize the conditions for growth of good quality films. The magnetic properties of
the samples have been probed using a DC-magnetization technique and for electrical
transport, we have used a four probe method. These measurements were carried out on
three different sets of samples including single layer and trilayer films. The four probe
transport measurements were performed in a customized Advanced Research Systems Inc.
closed-cycle refrigerator (Model- DE-204S) based setup. This apparatus allows the study
of transport properties between 4.2 and 100 K. An option for applying a magnetic field
of strength upto 4 kOe is also available. The angle of the applied field can be varied with
respect to a fixed axis. DC magnetization of the samples was measured as a function of the
field and the temperature in a commercial Quantum Design Superconducting Quantum
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Interference Device (SQUID) based magnetometer (MPMS-XL-5).
2.2 Preparation of thin films and trilayers
2.2.1 Pulsed laser deposition (PLD)
Magnetic and superconducting thin films and heterostructures were prepared using the
pulsed laser deposition (PLD) technique which is a member of a broad group of thin film
deposition methods known as Physical Vapor Deposition (PVD). The various members of
this group are Evaporative Deposition, Electron Beam Physical Vapor Deposition, Sputter
Deposition, Cathodic Arc Deposition, Pulsed Laser Deposition (PLD) etc. Out of all these
techniques, PLD is the most popular for the growth of multi-component oxide films. The
main advantage of PLD over other members of the PVD group lies in the mechanism
of material removal from the source and its condensation on the substrate. PLD relies
on the interaction of a high energy density pulse of laser with a solid target of desired
stoichiometry. The high energy density in conjunction with the short duration of the
pulse (typically a few nanoseconds) produces a local superheated spot on the surface of the
target. The rate of heating overruns the dissipation process and a shockwave explodes the
superheated spot giving rise to a nascent plasmonic plume. Unlike thermal evaporation in
which the vapor composition depends on the vapor pressure of the individual components,
the laser ablated plume maintains the original stoichiometry of the target. For this reason
PLD enables deposition of complex, multi-element compounds with ease. This is also the
main reason behind the popularity of this method.
Another advantage of PLD is the versatility in the deposition conditions offered by
this technique. Thin films of pure metals, for example, require a high vacuum during
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deposition. On the other hand, high Tc superconducting oxides are best deposited in a
high oxygen pressure environment. In both cases, PLD has been successful in producing
high quality films. The PLD technique is also cost effective in the sense that one laser can
serve a number of deposition vacuum chambers. However, along with these advantages,
PLD also has some drawbacks. Notable among them are:
1. Smaller area of uniform deposition due to the tight angular distribution of the
ablated material.
2. Formation of defects in the film due to bombardment of high energy atoms and
molecules.
3. Evaporation of microscopic clusters from the target known as “splashing”.
In spite of these drawbacks, the robustness of the technique has considerably expanded
its applicability over the past decade. For example some of the limitations mentioned
earlier can be minimized by a suitable tuning of the laser energy density and the target-
to-substrate distance. The problem of smaller area of uniformity, for example, has been
dealt with techniques like rastering the laser beam, moving the substrate with respect to
the plume and inclined angle deposition. In fact, Hasegawa et al.[155] have successfully
prepared 10 meter long YBCO tapes using the inclined angle PLD. Similarly, there are
some innovative attempts to mitigate the effects of splashing. Most effective among these
is the use of a ‘velocity filter’ positioned in between the target and the substrate. A
wide variety of thin films, including pure metals, semiconductors and complex oxides and
nitrides have been successfully synthesized using this method.
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2.2.1.1 The excimer laser
We have used commercial KrF excimer lasers (Lumonics PM - 800 & Lambda Physik -
Compex Pro) for PLD. The PM-800 is capable of producing pulses at a maximum rate
of 20 Hz and ∼ 650 mJ/pulse and Compex Pro has a maximum pulse rate of 10 Hz and
∼ 800 mJ/pulse. User parameters like energy, repetition rate and the number of pulses
are adjustable through a remote microprocessor control. Excimer lasers are gas lasers
emitting radiation typically at ultraviolet wavelengths. Lasing action in excimer lasers
takes place by stimulated emission from the excited dimers of the active gas components
(Kr and F2 in this case). The active elements are excited by an avalanche electric discharge
inside the laser cavity, in the presence of a background inert gas (Ne) pressure of ∼ 5 bar.
At the molecular level, the ground state of KrF is repulsive due to the inertness of the
completely filled outer orbital of Kr. On the contrary, the excited state of the complex
Kr++Fe− is attractive. Hence, population inversion in excimer lasers is relatively more
efficient.
2.2.1.2 The deposition chamber
The main components of the deposition chamber are, a pumping system, a multitarget
carousal, and a substrate heater. The multitarget carousal supports upto three targets at
a time. The position of the targets can be adjusted remotely to facilitate the deposition of
a desired material. This option enables the fabrication of heterostructures and multilayers.
Fig. 2.1(left) shows a schematic sketch of the deposition chamber. The right panel shows
the photograph of a typical laser generated plasma plume formed during deposition. The
substrate heater is capable of maintaining a temperature of∼ 800 0C at an oxygen pressure
of 0.4 mbar. The chamber attains a base pressure of ∼ 5×10−3 mbar using a rotary pump.
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Figure 2.1: Left hand panel shows the schematic of the PLD chamber with its various components. The
photograph of a plasma plume generated by the laser beam can be seen in the bottom right corner.
A liquid nitrogen trap has been installed between the chamber and the pump in order to
prevent the back streaming of oil vapors. The gas flow needed for the deposition of films
was maintained by an electronic mass flow controller.
2.2.2 Preparation of targets for PLD
Ablation targets of YBa2Cu3O7 (YBCO), PrBa2Cu3O7 (PBCO), La2/3Sr1/3MnO3
(LSMO) and Y0.6Pr0.4Ba2Cu3O7 (YPBCO) were prepared through the standard solid
state reaction route. High purity powders (Aldrich) of Y2O3, Pr6O11, BaCO3 and CuO
were used as ingredients for the YBCO, YPBCO and PBCO targets. The LSMO target
was made from La2O3, SrCO3 and Mn2O3 powders. The dried chemical precursors, taken
in stoichiometric proportion, were ground thoroughly to obtain a homogenous mixture.
Before initiating the actual reaction process, the mixture was calcined at 800 0C for 12
hours in the powder form. The calcination process removes the carbon content of the
mixture by decomposing the carbonate group into CO2 and O. In addition, this step also
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helps removing any water content and volatile impurities. The grinding and calcination
processes were repeated three times to ensure carbon-free oxide mixture. The calcined
powder was then pelletized under 50 kPa pressure using a hydraulic press. The targets of
(≈ 22 mm diameter) YBCO, YPBCO and PBCO were sintered at 980 0C, whereas the
LSMO target was sintered at 1200 0C.
2.2.3 Substrate selection
In order to attain high quality epitaxial growth of thin films and heterostructures, the
selection and surface conditioning of the substrate are of crucial importance. Particularly,
the dynamics of film growth and strain in the film are affected by the in-plane lattice
parameter of the substrate and the quality of its surface.
The initial stages of film growth are primarily governed by one of the two mechanisms,
namely Volmer-Weber island growth and Frank-van der Merwe layer-by-layer modes[156].
The Volmer-Weber mode is favored when the adatom-adatom adhesion is stronger than
the adatom-substrate adhesion. It causes clustering of the atoms arriving at the substrate
into small islands. These islands slowly grow and merge with each other at a latter stage,
forming a continuous film. Clearly, this mechanism is unacceptable for the deposition
of ultrathin films (≤ 5 nm). On the other hand, when the adatom-substrate bonding
is stronger than the adatom-adatom adhesion, the Frank-van der Merwe mode is the
preferred mechanism of growth. In this mode, the growth is essentially layer-by-layer
leading to a very good epitaxy of the film. The lattice misfit parameter, γ (defined as a−b
b
,
where a and b are the lattice parameters of the film and the substrate respectively) plays an
important role in the selection of the growth mechanism. In general, a large lattice misfit
parameter (γ ≥ 2%) may force Volmer-Weber growth, bypassing the adatom-substrate
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adhesion energetics.
LaAlO3 and SrTiO3 are the most popular candidates as substrates for the deposition
of high-Tc and Mn based CMR oxides. Both substrates are cubic perovskites in structure.
The lattice parameters of LaAlO3 and SrTiO3 are 3.79 A˚ and 3.91 A˚ respectively. The
average ab-plane lattice parameter of YBCO is 3.85 A˚ and that of LSMO is 3.89 A˚.
In view of the matching of the lattice parameters, both the substrates are suitable for
layer-by-layer growth. However the LaAlO3 crystals inherently contain a large density
of twinning defects. These defects are known to affect the superconducting properties of
HTSC as well as magnetic anisotropy of CMR manganites. In view of these limitations of
LAO, we have selected (001) and (110) oriented SrTiO3 as the substrate for all samples
used in this study.
2.2.4 Deposition of thin films and heterostructures
The high density ceramic targets, glued on aluminium holders, were positioned individu-
ally at the focal point of the laser beam inside the chamber. A target-to-substrate distance
of 5 cm is commonly used for the deposition of HTSC and manganite thin films. However,
we have used a distance of 6 cm to avoid possible particulate deposition and to obtain a
smoother surface. Prior to the deposition, the chamber was evacuated to a base pressure
of ∼ 5× 10−3mbar. The surface of the targets was cleaned by firing a few thousand shots
of laser pulses before initiating deposition on the substrate. Film deposition was carried
out in an oxygen pressure of 0.4 mbar at 700, 750 and 800 0C for PBCO, LSMO and
YBCO/YPBCO films respectively. The typical rate of heating and cooling the substrates
was 10 0C/min. An energy density of ∼ 2 J/cm2 was used to ablate the targets. With
these parameters, a deposition rate of ∼ 1.6 A˚/sec for cuprates and ∼ 0.5 A˚/sec for LSMO
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was realized. This rate was established using a stylus profiler (Tencore Alpha-Step 500),
which has a topographic resolution of ∼ 10 A˚ on several test films. We have grown three
sets of samples epitaxially on (001) and (110) SrTiO3 substrates.
Series I: (001) and (110) La2/3Sr1/3MnO3 films of thickness 600 A˚.
Series II: Thin films of YBa2Cu3O7 sandwiched between 1000 A˚ La2/3Sr1/3MnO3
on (110) SrTiO3 . The thickness of the YBCO layer was varied from
100 A˚ to 1000 A˚.
Series III: Thin films of Y0.6Pr0.4Ba2Cu3O7 sandwiched between 300 A˚
La2/3Sr1/3MnO3 on (001) SrTiO3 . The thickness of the YPBCO layer
was varied from 100 A˚ to 1000 A˚.
2.3 Measurement technique
2.3.1 Structural Characterization
2.3.1.1 X-ray Diffraction
The determination of crystal structure is a very important part of any work involving
epitaxial thin films. For that X-ray diffraction (XRD) is the most powerful non destructive
technique. XRD data can provide information like crystal structure, phase purity, lattice
parameters, crystal orientations, average grain size, crystallinity, strain and crystal defects
to name a few.
θ−2θ measurements were done using a two-axis powder diffractometer (Model-Seifert,
XRD-3000 P). For four circle measurements, the sample were sent to our collaborators
in France. Our two-axis diffractometer consists of a Cu–Kα source and a scintillating
detector mounted on the circumference of concentric vertical circles. A fixed sample stage
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Figure 2.2: Schematic of four circle X-ray diffractometer.
Image courtesy: http://serc.carleton.edu/research education/geochemsheets/techniques/SXD.html
is mounted at the center of the circle. A goniometer assembly provides uniform rotation
for both the source and the detector. The data collection in this machine is completely
automated with the help of a computer and company provided customizable software.
The four circle XRD measurements were done by our collaborators Dr. P. Padhan
and Dr. W. Prellier in CNRS, France. Here we briefly describe the salient features of a
four circle geometry. Figure 2.2 shows the schematic of a four circle XRD setup.
The χ axis The axis passing through the crystal and lying in the diffraction plane is the
χ axis. The sample in a regular diffractometer is mounted on the internal cylindrical
surface of the ring associated with this axis. The sample is placed at the center of
the χ ring throughout the experiment.
The φ axis This is an axis about which the crystal along with the sample stage, to which
the crystal is rigidly attached, can be rotated. This axis is orthogonal to the χ axis.
During the rotation about the φ axis the crystal remains at the center of the χ ring.
The orientation of the axis of rotation about the φ axis is determined by the χ angle.
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The Ω axis The Ω axis is basically the principal axis of the diffractometer. It passes
through the plane of the χ ring and is perpendicular to the diffraction plane. There
are in fact two circles in the Ω plane. As shown in the schematic (Fig. 2.2) the Ω
motor rotates the χ and everything else mounted on it without moving the detector
and the 2θ motor rotates the detector without changing the angle between the
sample and the incident beam. In modern day x-ray diffractometers, the χ ring is
kept fixed in the Ω plane and the source is rotated by the Ω motor with respect to
the χ ring.
2.3.1.2 Scanning Electron Microscopy
Scanning electron microscopy is an important tool for material research. It allows the
study of surface morphology and the composition of materials. In this process a beam of
electrons is constricted by an assembly of magnetic lenses to give a thin probe beam. The
probe scans over the selected sample area. The interaction of probe electrons with the
sample can give rise to secondary electrons, back-scattered electrons and x-ray radiation.
Based on the type of electrons detected, the technique is named as either Secondary
Electron (SE) imaging or Back Scattered Electron (BSE) imaging. The SE imaging
technique works by detecting secondary electrons emitted by the sample because of the
incident electron beam. These are very low energy electrons and are useful in producing
high resolution and high magnification images. The BSE imaging technique uses electrons
back-scattered by the sample. These have higher energy than the secondary electrons.
Because of the higher energy of these electrons, they can reveal not only the surface
topography but the chemical profile of the sample to a certain depth can also be measured.
The X-ray radiation emitted by the sample is used for Energy Dispersive Spectrometry
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(EDS). The radiation emitted by the sample is characteristic of the element with which
the incident electrons are interacting. As a result, this technique is ideal for determining
the elemental composition of the sample. The SEM images in this thesis were taken by
our collaborators Dr G. U. Kulkarni and his group at the Jawaharlal Nehru Centre for
Advanced Scientific Research, Bangalore using the BSE mode.
2.3.1.3 Transmission Electron Microscopy
As the name suggests, Transmission Electron Microscopy (TEM) is an imaging technique
based on the detection of transmitted and refracted electrons. The principle of operation is
similar to that of an optical microscope with the only difference being that here the probe
is a stream of electrons rather than photons. The resolution achieved by this technique is
of the order of 0.1nm. Hence, it is possible to resolve individual atoms using this technique.
An electron source in the microscope emits electrons which travel through the microscope
column. These electrons are focused into a thin beam with the help of magnetic lenses.
The focused beam of electrons is allowed to pass through an appropriately thinned sample.
Depending on the structure and morphology of the sample, some electrons pass through
the sample unhindered. The rest are either reflected or refracted. These streams of
electrons are projected on a fluorescent screen to form a shadow image depending on the
sample under investigation. Here we have shown high resolution TEM images of cross-
sections of La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7 and (110) La2/3Sr1/3MnO3 - YBa2Cu3O7
trilayer. These images were taken by our collaborator Dr. Y. Zhu and his group at the
Brookhaven National Laboratory, USA.
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2.3.1.4 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a member of a large family of surface probes commonly
known as Scanning Probe Microscopy. The family consists of members, other than AFM,
like Scanning Tunneling Microscopy (STM), Electric Force Microscopy (EFM), Lateral
Force Microscopy (LFM) and Magnetic Force Microscopy (MFM), to name a few. The
AFM technique depends on the detection of extremely small forces of the order of 10−12
- 10−8 N. Invented by Binning et al. [157], it is one of the most powerful techniques to
measure surface topography with very high resolution. There are three basic modes of
AFM which will be discussed in brief below:-
Contact Mode: As the name suggests, the contact mode AFM operates by scanning
the sample surface with the cantilever mounted AFM tip in close contact. The
change in cantilever deflection is monitored by a two-sided photodiode. As the tip
scans the surface, the cantilever bends to adjust the change in the atomic force due
to changes in the surface morphology at the atomic level. But, in this mode there
is a fair chance that the sample can get damaged due to excessive tracking force
exerted by the probe. The excessive tracking force is the result of air capillary forces
due to the adsorbed gases on the sample surface which is primarily made of 10-30
monolayers of water vapor and nitrogen.
Non-contact Mode: Sometimes, it is important that the sample is imaged without
touching the surface. For that purpose, the non-contact mode AFM was developed.
In this mode the tip is made to hover over the sample at a distance of approximately
50-150nm. At this distance, the forces in play are the van der Waals forces. The tip
is scanned over the surface and the changes in the force strength are measured to
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detect the surface topography. But in this case, the forces are considerably weaker
than those in the contact mode AFM. Hence, for better detection, a small oscillation
is given to the tip so that AC detection techniques can be employed. By measuring
the change in amplitude or frequency of oscillations in response to the force gradients
from the sample, one can measure the surface topography.
Tapping Mode: This technique was developed to achieve high resolution images without
introducing damage to the sample due to frictional forces associated with the AFM
tip in the contact mode. In this technique, the tip is oscillated at or near its
resonant frequency at an amplitude greater than 20nm. The oscillating tip is then
moved closer to the surface which than starts tapping the surface. The amplitude
of oscillation in this case is directly related to the surface topology. When the tip
hits a hill, the amplitude is reduced and vice versa. To overcome the tip-sample
adhesion forces, it is necessary to keep the amplitude of oscillations above a certain
critical level.
2.3.1.5 Magnetic Force Microscopy
Magnetic Force Microscopy (MFM) is done in three different modes viz. the non-contact
mode, the tapping mode and the lift mode. For MFM, the tip is coated with a ferromag-
netic material. In the non-contact mode, the system operates by detecting the change in
cantilever frequency due to the interaction of the tip with magnetic domains. The image
taken by a magnetic tip will contain both magnetic as well as topographic information.
The effect of magnetic forces persists at larger distances than the van der Waals force.
Hence if the tip is too close to the surface, the image will be essentially topographic. To
separate out the topographic contributions and magnetic contributions, it is important to
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take the MFM data for varying tip-to-sample distances. Similar consideration is required
for the tapping mode as well. When the tip is tapping the surface it will show the topog-
raphy of the surface. Once the tip is lifted from the surface, the contributions from the
topography and magnetic domains change. At large distances, only information of the
magnetic domains remain, giving rise to magnetic domain images. In general, the MFM
tip is usually composed of etched silicon sputter-coated with a ferromagnetic material.
The AFM and MFM data presented in this thesis were taken by our collaborators Dr G.
U. Kulakarni and his group at JNCASR, Bangalore. The MFM images were taken in the
tapping mode with different lift heights to separate out the magnetic and topographical
components. The MFM tip in this case was CoCr-coated silicon.
2.3.2 Measurement of anisotropic magnetoresistance and Resis-
tivity
Galvanomagnetic properties of the samples were measured using a close-cycle refrigerator
based cryostat and an electromagnet which can generate a field of 4000 Oe. The sample
was mounted on a detachable sample platform, fabricated using oxygen free high con-
ductivity (OFHC) copper, capable of orienting the sample in such a way that the field
remains in the plane of the film at all values of the angle between the applied field and the
current direction. The stage was equipped with two RuO2 resistive sensors for accurate
temperature measurement and control. The electro-magnet was set on a rotatable plat-
form capable of rotating the magnet with a resolution of 0.1o. The rotation of the stage
is controlled by a microprocessor based stepper motor. The remnant field of the magnet
is ∼ 100 Oe which can be completely eliminated by passing a reverse current through the
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Figure 2.3: Photograph of the close-cycle refrigerator showing the cold head and the electromagnet
mounted on a rotatable stage.
magnet. A photograph of the system is given in fig. 2.3. The cold head can be moved in
and out of the pole pieces as and when desired.
We have measured rotational magnetoresistance(RMR) on all three series of samples.
We have also measured the isothermal magnetoresistance on all the three sets of samples
by scanning the field between -800 Oe to +800 Oe. Magnetoresistance have also been
measured by varying the angle between the field and current directions.
Samples are glued to the stage using Apiezone-N grease, which provides excellent
thermal contact with the base. Measurements were performed using the standard four
terminal geometry. Electrical contacts on the samples were made by soldering 25 micron
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gold wires with indium on evaporated silver contact pads.
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2.3.3 DC Magnetization
DC-magnetization measurements are essential for the studies of equilibrium magnetic in-
teractions. There are several techniques available for such measurements, including torque
magnetometry, magneto-optical Kerr effect (MOKE) and Superconducting Quantum In-
terference Device (SQUID) based magnetometry. However, SQUID magnetometry is now
the most widely used method, especially because of its extreme sensitivity and simplicity.
An absolute moment sensitivity of ∼ 10−8 emu is achievable by this technique.
At the heart of a SQUID magnetometer is a SQUID sensor consisting of a single
Josephson junction (RF SQUID) or multiple Josephson junctions (DC SQUID) mounted
on a superconducting loop. The change in magnetic moment of the sample is fed induc-
tively into the SQUID loop using a set of superconducting pick-up coils. The SQUID
loop, in principle, can detect a change in magnetic flux as low as 10−7 Gauss/cm2.
We have used a commercial Quantum Design SQUID magnetometer (MPMS-XL) for
all measurements reported in this thesis. The operating range of temperature and field
in this system are 2 to 400 K and -5 to +5 T, respectively. A Reciprocating Sample
transport Option (RSO) was used in these measurements to achieve better sensitivity.
All measurements were done in a parallel alignment of the film plane and magnetic field.
This geometry minimizes the demagnetizing effects of the sample, which otherwise may
dominate the magnetization of thin samples. The samples were rotated in the plane of the
film and the MH loops recorded to determine the easy axis of the magnetic samples. Zero-
field-cooled and field-cooled magnetization was measured as a function of temperature for
thin LSMO films. We measured the magnetization loops of the (001) and (110) LSMO
films at 10 and 200 K. We also measured magnetization loops of the LSMO-YBCO-LSMO
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and LSMO-YPBCO-LSMO trilayers at several temperatures between 10 and 300 K, upto
a maximum field of 1500 Oe.
2.4 Summary
We have made stoichiometric ceramic targets of YBa2Cu3O7 , PrBa2Cu3O7 ,
La2/3Sr1/3MnO3 and Y0.6Pr0.4Ba2Cu3O7 using the standard solid state reaction route.
We have successfully prepared (110) hybrid thin films of La2/3Sr1/3MnO3 - YBa2Cu3O7 -
La2/3Sr1/3MnO3 on (110) SrTiO3 using the heterotemplate technique. Single layer (110)
La2/3Sr1/3MnO3 films were also grown on (110) SrTiO3 . (001) films of La2/3Sr1/3MnO3
and La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7 - La2/3Sr1/3MnO3 were prepared on (001)
SrTiO3 . All these films were grown using the pulsed laser deposition technique. The
surface morphology and structure of the films were examined by scanning electron mi-
croscopy and X-ray diffraction respectively. Magnetic domain structures were examined
using atomic force microscopy. The transport and galvanomagnetic property measure-
ments on these samples were done using a home-made setup involving a close-cycle refrig-
erator. The temperature and field range of these measurements were 4.2 - 300 K and 0 -
±3 kOe respectively. For the measurement of magnetic properties, a commercial SQUID
based magnetometer was used.
Chapter 3
Anisotropic Magnetoresistance in
La2/3Sr1/3MnO3 (001) and (110)
3.1 Introduction
A galvanomagnetic property of fundamental interest in thin manganite films is their
isothermal magnetoresistance (MR) measured as a function of the angle (θ) between
the current ~I and applied magnetic field ~H, both being in the plane of the film. This
angle-dependent resistivity (ρ(θ)) in polycrystalline films of metallic ferromagnets follows
a dependence of the type [104, 92, 105, 106];
ρ(θ) = ρ⊥ +
(
ρ‖ − ρ⊥
)
cos2 θ, (3.1)
where ρ‖ and ρ⊥ are the resistivities for ~I‖ ~H and ~I⊥ ~H respectively. The resistivity ρ(θ),
often called the rotational magnetoresistance (RMR), derives contribution from two car-
rier scattering processes, one of which depends crucially on the spin - orbit interaction;
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a magnetization( ~M ) direction and strength dependent source of anisotropic scattering.
While ~M may not be necessarily collinear with ~H due to non-zero magnetocrystalline
anisotropy, a grain averaging of ρ in a polycrystalline film yields eq. 3.1. This contribu-
tion to RMR, which has been known as anisotropic magnetoresistance (AMR), saturates
once the field intensity H exceeds the saturation value Hs beyond which the film becomes
a single domain magnetic entity. Another contribution to RMR comes from the trapping
of mobile carriers in cyclotron orbits due to the Lorentz force. This localizing effect (a
positive contribution to MR), which increases with the carrier mean free path is called
the orbital magnetoresistance (OMR). The magnitude of OMR varies as the square of the
magnetic induction ~B(= ~H + 4π ~M), and shows a constant positive slope for H > Hs.
While ρ⊥ is always greater than ρ‖ for OMR, the relative magnitude (ρ⊥/ρ‖) of these
resistivities can be greater or less then unity for AMR. The sign of the inequality be-
tween ρ⊥ and ρ‖ is intimately linked with the electronic band structure of the material
under consideration. In most of the 3d - transition metal alloys, ρ‖ > ρ⊥ and the magne-
toresistance (∆ρ)/ρ) = (ρ‖ − ρ⊥)/ρav can be as large as ≃ 30% in some dilute Ni alloys
[104, 92, 105, 106]. In low carrier density ferromagnets such as the hole doped manganites
[107, 108, 109, 110, 111], GaMnAs [158] and GdN [159], the anisotropic magnetoresistance
is small and negative.
The angular dependence of the resistivity as expressed by eq. 3.1, does not hold in the
case of single crystal samples with a non-zero magnetocrystalline anisotropy. Here the
magnetization is not necessarily collinear with ~H because its direction is decided by the
competition between the torques exerted on it by ~H and the crystalline anisotropy field.
The θ dependence of ρ at low fields, in particular when the torque on ~M is not strong
enough to depin it from the easy axis, may deviate markedly from the behavior predicted
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by eq. 3.1. Often, the ρ vs. θ curve has sharp jumps and hysteresis suggesting a first
order transition. Such a magnetization reorientation phase transition (MRPT) has been
seen prominently in Fe film grown on GaAs [94, 95].
It is evident that the measurements and analysis of the galvanomagnetic property
RMR as a function of field strength and temperature provide rich insights into spin-orbit
interactions, carrier mobilities, scattering length, the torques experienced by ~M from
the applied field ~H and various forms of magnetic anisotropies which pin ~M along a
certain crystallographic direction. While earlier studies provide a wealth of information
on resistance anisotropy in colossal magnetoresistance manganites, the issues which have
remained unaddressed are:-
1. Although it is evident from the low field measurements of O’Donnell et al. [107]
on (100) LCMO and Infante et al. [110] on (110) LSMO films that there is indeed
a non-zero in-plane anisotropy which pins the magnetization vector along the easy
axis, the H-T phase space of the pinned phase is not established in these studies.
Moreover, the relative strength of the in-plane anisotropy, which is directed along
different crystallographic axes for the (100) and (110) films, is not known. There is
also a need to understand the fundamental processes responsible for the anisotropy.
2. At larger fields, the magnetization rotates freely with the field. A systematic tem-
perature dependence of ρ(θ) which would permit the calculation of ∆ρ(= ρ⊥ − ρ‖)
is, however, lacking. A comparative study of ∆ρ and its temperature dependence
in (001) and (110) films would help in separating the band structure related contri-
bution and the role of extrinsic effects such as disorder to anisotropic magnetoresis-
tance.
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3. While polycrystalline films of 3d ferromagnets show a simple cos2 θ dependence of
isothermal MR, in single crystals this is generally not true. Here the orientation of
both the current and the magnetization with respect to the crystal axis is important.
In the case of manganites, a full fledged analysis of ∆ρ(θ) in terms of Do¨ring’s
equations [100] is lacking. Such a study is desired to establish significant deviations
from the cos2 θ dependence of ∆ρ and the contributions of other scattering processes
to RMR.
Here we present a rigorous study of RMR in two variants of high quality epitaxial
films of La2/3Sr1/3MnO3 ; one with (001) and other with (110) axis normal to the plane
of the substrate. We have analysed the data in the light of Do¨ring’s equations [100]. The
field and temperature dependence of the phenomenological coefficients between a selected
range of temperature has also been reported for both types of film. We have also drawn
the H-T phase diagram for both films to show the pinned and depinned regions in the
H-T phase space. The phase diagram clearly shows that in the case of (110) film, the
pinning of the magnetization vector is stronger than that of (001) film. A careful study
of magnetoresistance as a function of the angle between the applied field and the current
direction in both (001) and (110) epitaxial films of La2/3Sr1/3MnO3 is also presented. In
both the cases, we have measured MR at 10 K and 300 K. While we see hysteresis in
resistivity at 10 K in both cases, but at 300 K only the (110) film shows hysteresis. This
clearly demonstrates that the anisotropy energy of the (110) films are larger than that of
the (001) films. We base our arguments and explanation on the multidomain model given
by O’Donnell et al. [170].
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3.2 Results and Discussions
Thin epitaxial films of La2/3Sr1/3MnO3 were deposited on (110) and (001) oriented SrTiO3
(STO) substrates using a multitarget pulsed excimer laser (KrF, λ = 248 nm) ablation
technique. The deposition temperature (Td), oxygen partial pressure pO2, laser energy
density (Ed) and growth rate (Gr) used for the growth of 150 nm thick layers were 750
0 C,
0.4 mbar, ∼2J/cm2 and 1.3A˚/sec respectively. Further details of film deposition are given
elsewhere [10]. The epitaxial growth in two sets of films with (110) and (001) directions
normal to the plane of the film was established with X-ray diffraction measurements
performed in the Θ− 2Θ geometry. For transport measurements, films were patterned in
the form of a 1000×100 µm2 bridge with photolithography and wet etching such that the
long axis of the bridge was parallel to the (001) and (100) direction for the (110) and (001)
oriented films respectively. The measurements of resistivity as a function of temperature,
magnetic field strength and the angle(θ) between the field and current were performed
using a 4.2 K close cycle He - refrigerator with a fully automated home made setup for
applying the field at varying angles between 0 and 2π with respect to the direction of
the current [161]. The sample was mounted in a way to keep the field in the plane of
the sample for all values of the angle between ~I and ~H . Isothermal magnetization loops
(M-H) were measured for both the samples using a commercial magnetometer (Quantum
Design MPMS XL5 SQUID) by applying the field at various angles in the plane of the
film.
3.2.1 La2/3Sr1/3MnO3 thin films
In fig. 3.1, we have shown the θ− 2θ X-ray data for a (110) sample grown on STO (110).
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Figure 3.1: X-Ray data of LSMO film grown on STO (110). The lattice parameter calculated from the
(110) and (220) peaks is 3.859A˚. The inset shows the zoomed in view of the (110) peak. The substrate
peak can also be seen in the picture.
The lattice parameter calculated from the position of the (110) and (220) peaks comes
out to be ≈ 3.859 ± 0.192A˚. In the inset we have shown a magnified view of the (110)
peak. The substrate peak can also be seen close to the LSMO (110) peak. Similarly fig.
3.2 shows the X-ray data for a (001) LSMO sample grown on STO (001). The lattice
parameter calculated from the (001) and (002) peaks is ≈ 3.844± 0.192A˚. The substrate
peaks can also be seen near the LSMO peaks. These data clearly indicate that the films
are epitaxial.
Fig. 3.3 shows a high resolution SEM image of a (001) LSMO surface. The surface
topography is granular in nature with a typical grain diameter of ∼ 30nm. A similar
micrograph for (110) LSMO is shown in fig. 3.4. In this case, the grains are rectangular
with typical size being ∼ 70nm × 100nm. An earlier report on the surface topography
of (110) films shows a particular orientation of the longer side of the grains [163], our
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Figure 3.2: X-Ray data of LSMO film grown on STO (001). The lattice parameter calculated from the
(001) and (002) peaks is 3.844A˚. The inset shows the zoomed in view of the (001) peak. The substrate
peak can also be seen in the picture.
Figure 3.3: SEM image of the (001) La2/3Sr1/3MnO3 film surface. The surface texture is granular, with
the grains being circular in nature. The average grain size is ∼ 30nm.
pictures do not show any such orientation. Though the grains are oriented either along
the (110)or (001) direction, but there is no such preference as to which direction will be
along the length of the grains.
In fig. 3.5(A, B, C and D) we have shown the AFM and MFM images of a (001)
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Figure 3.4: SEM image of the (110) La2/3Sr1/3MnO3 film surface. The surface texture is granular, with
the grains being rectangular in nature. The typical grain size is ∼70nm × 100nm.
Figure 3.5: AFM and MFM images of a (001) La2/3Sr1/3MnO3 film at two different lift heights. Panel
B shows the MFM image with a lift height of 150nm while panel D is the image with 20nm lift height.
The left panel clearly shows the film being a single domain while in the right panel, the MFM image is
similar to the AFM image.
La2/3Sr1/3MnO3 film. Panels A and C are AFM images and B and D are MFM images.
Panels A and B are images for a lift height of 150 nm. From this picture it is clear that
the film is a single domain. Panels C and D show the image for a lift height of 20 nm.
At this height, contributions from both the magnetic as well as the van der Waals forces
are present. Looking at the MFM image, we see a striking similarity between the AFM
and MFM images. One may conclude that the individual grains are acting as a magnetic
domain. In that case, the magnetic domain structure should have been visible at large
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Figure 3.6: AFM and MFM images of a (110) La2/3Sr1/3MnO3 film at two different lift heights. Panel
B shows the image with a lift height of 150nm while panel D is the image with 20nm lift height. The left
panel clearly shows the film being a single domain while in the bottom panel the MFM image is similar
to the AFM image. In the AFM image, no clear directionality of the grains are visible [163].
lift heights which is not the case (panels A and B), so we can safely conclude that the
samples are single domain samples. Similar micrographs for (110) samples are shown in
fig. 3.6 A, B, C and D. Panels A and B are images at a lift height of 150 nm and C and
D are images at a lift height of 20 nm. Giving similar arguments as we have given for fig.
3.5, we find that the samples are single domain. Secondly the grain size in the case of the
(110) films is larger than that of the (001) films though no particular orientation of the
grains is visible.
3.2.2 Magnetization reorientation phase transition in (110) and
(001) films
Fig. 3.7 shows the magnetization vs. field (M-H) loops for the (110) and (001) epitaxial
samples at 10 K in terms of the normalized magnetization M(H)/Ms, where Ms is the
saturation magnetization. The magnetic field in these measurements was applied along
the easy axis which is collinear with the (001) and (110) crystallographic axis for the
(110) and (001) epitaxial films respectively [162]. The coercive fields for the (110) and
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Figure 3.7: Magnetic hysteresis loops of the (110) and (001) oriented La2/3Sr1/3MnO3 films at 10 K.
The measurements were done under the zero field cooled condition. The direction of the applied field
in these measurements was along the (001) and (110) crystallographic directions for the (110) and (001)
oriented films respectively. The coercive field deduced from these measurements is 230 Oe for the (110)
and 90 Oe for the (001) samples respectively.
(001) samples deduced from these measurements are 230 Oe and 90 Oe respectively. The
marginally higher Hc of the (110) film seen here appears to be a common feature of such
films [163].
The RMR of a (110) oriented LSMO film at 300 and 10 K is shown in figs. 3.8 and
3.9 respectively, where we have plotted the angle (θ) between the directions of the current
and the applied field along the x-axis and the resistance ratio R(θ)/R(0) along the y-axis.
The relevant vectors in the plane of the film are also shown in the right hand inset of
the figures. For the measurements performed at 300 K (fig. 3.8), we observe a symmetric
R(θ)/R(0) curve about θ = π/2 and 3π/2 with a periodicity of π when the external field
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Figure 3.8: Rotational magnetoresistance R(θ) of the (110) film measured at 300 K for different values
of the in-plane field. We observe a periodicity of π when the external field H is ≥ 300 Oe. Below 300
Oe however, a distinct deviation from this symmetry is seen, and the peak in resistance is now shifted to
θ > 900. One noticeable feature of the low field (< 300 Oe) data is a sudden drop in the resistance once
the peak value is reached. The top left inset shows the variation of the position of the first peak in the
RMR data. A sketch of the sample geometry is shown in the top right hand corner of the figure.
H is ≥ 300 Oe. Below 300 Oe however, there is a distinct deviation from this symmetry;
the peak in resistance is now shifted to θ > 900. The variation of the peak position as
a function of the field is plotted in the left inset of the figure. One noticeable feature
of the low field (< 300 Oe) data is a sudden drop in the resistance once the peak value
is reached. This suggests some kind of a depinning transition. For the R(θ)/R(0) vs. θ
curves at 10 K (fig. 3.9), this deviation from the symmetric dependence persists upto
≃1100 Oe. Here we also note that at fields below 200 Oe, the resistance has a negligible
dependence on the angle between ~I and ~H. Two more noteworthy features of these data
are the values of the resistance for the ~I‖ ~H and ~I⊥ ~H configurations. Unlike the case of
3d transition metal films, here ρ⊥ > ρ‖. This is an interesting feature of the RMR in
manganite thin films [107, 108, 109, 110, 111].
In figs. 3.10 and 3.11 we have shown the RMR of the (001) oriented LSMO film
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Figure 3.9: The R(θ)/R(0) vs. θ graphs of the (110) film at 10 K for several values of the in-plane field.
Here we see deviations from a symmetric dependence on θ at fields lower than 1100 Oe. The inset at the
top left hand corner shows the variation of the peak position with the field of the first peak in the RMR
data. The top right hand corner shows a sketch of the measurement geometry.
at 300 and 10 K respectively. For the measurements at 300 K (fig. 3.10) we observe
a symmetric angular dependence of the normalized resistance R(θ)/R(0) for all values
of the applied field, even at fields as low as 75 Oe. At 10 K however (fig. 3.11), the
R(θ)/R(0) values deviate from the symmetric behavior when the field is reduced below
≈ 500 Oe. A sharp drop in the resistance when the angle θ is increased beyond θpeak for
these low field measurements is a remarkable feature of these data. This abrupt drop in
resistivity is accompanied by a hysteresis in the R(θ)/R(0) vs. θ plots when the angle is
traced back from 2π to 0. A typical hysteresis is shown in fig. 3.12. The area under the
hysteresis loop decreases with the field. In the left inset of figs. 3.8, 3.9, 3.10 and 3.11 we
have plotted θpeak as a function of the magnetic field strength. As noted from these insets,
the peak in RMR deviates rapidly from θ = π/2 as the magnetic field is lowered below a
critical value H*. We have tracked the variation of H* with temperature between 10 and
120 K for the two types of films by measuring ρ(θ) at several fields while the temperature
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Figure 3.10: Rotational magnetoresistance R(θ) of the (001) LSMO thin film measured at 300 K for
different values of the in-plane field. We observe a periodicity of π for all external field H. The top left
inset shows the variation of the position of first peak in the RMR data. A sketch of the sample geometry
is shown in the top right hand corner of the figure.
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Figure 3.11: The R(θ)/R(0) vs. θ graphs of the (001) film at 10 K for several values of the in-plane field.
Here we see deviations from a symmetric dependence on θ at fields lower than 500 Oe. The inset at the
top left hand corner shows the variation of the first peak position with field in the RMR data. The top
right hand corner shows a sketch of the measurement geometry.
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Figure 3.12: Hysteresis in RMR for (110) LSMO film measured at 300 K and 120 Oe. The open circles and
squares show the data when the field is varied in the forward (0-2π) and reverse (2π-0) cycles respectively.
is held constant. The result of such measurements is shown in fig. 3.13.
The discontinuous change in ρ(θ) below a characteristic field H* and the accompanying
hysteresis indicate the existence of a magnetization reorientation phase transition (MRPT)
[94, 95, 166] in the system driven by the torque of the ~H field on ~M . While a rigorous
analysis of the MRPT carried out by minimizing the magnetization free energy functional
allows the calculation of the in-plane magnetocrystalline anisotropies, here we simply
argue that the line in fig. 3.13 separates the H-T phase space where the magnetization is
pinned along the easy axis and where it is free to rotate with the field. It is clear from
fig. 3.13 that the magnetization in the (110) oriented film remains pinned along the easy
axis over a much larger H-T phase space as compared to the (001) oriented film.
The issue of why the magnetic easy axis in (001) and (110) films of manganites is
different with a different degree of anisotropy energy as suggested by the phase diagram
of fig. 3.13 has not been addressed in detail although several researchers have reported
a difference in the in-plane anisotropy axis of (001) and (110) LSMO films [163, 164,
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Figure 3.13: H-T phase diagram for (110)(open squares) and (001)(open circles) films. The solid lines
are hand drawn to show the most probable separation line between pinned and depinned states. These
data clearly show that the pinning is much stronger in the case of the (110) films than the (001) films.
A change in y-scale emphasizes this point. H∗ is critical field for depinning demagnetization.
165]. It is generally agreed that while for the (001) films the easy axis of magnetization
is along (110) direction, the (110) films have uniaxial anisotropy with easy and hard
directions along (001) and (110)respectively. This difference in (001) and (110) films can
be understood if we consider the orientation of the Mn - O - Mn bonds on the plane of
such films. In fig. 3.14, we sketch the atomic arrangement on the top layer of the (001)
and (110) cut SrTiO3 crystals and the way epitaxial registry is maintained when the
La2/3Sr1/3MnO3 film grows on the top. We can see that in the case of the (001) oriented
film, the Mn - O - Mn bonds are directed along the (100) and (010) directions making
them energetically degenerate. To avoid this degeneracy, the magnetization vectors prefer
to lie along the (110) direction making it the easy axis. The difference in the energy of the
(110) and (100)/(010) states of magnetization is expected to be small. This is perhaps
the reason why the depinning field in this case is substantially lower. In the case of the
(110) oriented films, the Mn - O - Mn bond, with a length of ≈ 3.89A˚, is directed along
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Figure 3.14: Schematic of the ionic positions on the surface of (110) and (001) films are in the upper and
lower panels respectively. For the (110) film, the two Mn ions along the (001) direction are bridged by
an oxygen ion. Hence the (001) direction acts as magnetic easy axis in these films. In case of (001) the
(100) and (010) directions are degenerate, hence the easy axis is along (110).
the (001) direction, whereas along the (110)direction the two Mn ions are separated by
≈ 5.5A˚ without any bridging oxygen atom. This makes the (001) direction the preferred
direction for orientation of the magnetization vector. Furthermore, as the (001) and (110)
directions are highly inequivalent, the pinning of ~M along (001) is expected to be robust,
which is really the case seen in the phase diagram of fig. 3.13.
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3.2.3 Temperature dependence of RMR
In fig. 3.15 we plot the percentage RMR defined as
[
100
(
ρ‖ − ρ⊥
)
/ (ρ⊥)
]
at 10 and 300
K for the two types of films as a function of the field. The RMR is negative in both the
cases. For the (001) film at 300 K, it is also nearly constant at all fields. For the same film
at 10 K, the magnitude of RMR first increases rapidly with the field and then acquires
a saturation value of ≈ −0.46% at H > 1 kOe. For the (110) film, the RMR at 300 K
saturates to ∼ −0.32% at H ≈ 0.5 kOe. The same film has the RMR of ≈ −0.2% at 10
K. It is somewhat surprising to note that the RMR of the (110) film decreases while for
(001) films it increases as we go down in temperature.
In order to address this issue further, we have measured the 2500 Oe RMR of these
films at several temperatures between 10 and 120 K. These data are shown in fig. 3.16.
We note that the RMR of both the samples is negative and its amplitude in the (001) case
decreases monotonically as the temperature is raised to 120 K. In fact the RMR deduced
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Figure 3.16: Variation of the RMR percentage with the temperature for (110)(open squares) and
(001)(open circles) LSMO films between 10 K and 120 K. The solid lines are hand drawn depicting
the most probable trend in this temperature range. The field applied in this case 2.5 kOe.
from ρ⊥(T ) and ρ‖(T ) measured between 120 and 240 K shows that this drop continues
till 240 K. For the (110) sample however, the magnitude of the RMR first increases with
temperature till T ≃ 200 K and then drops on increasing the temperature further.
In the one band model of Malozemoff [160] as applied to manganites by Ziese and
Sena [108, 109], the AMR is given as;
∆ρ
ρ0
= −3
4
[
λ2
(Hex −∆cf)2 −
λ2
∆2cf
]
, (3.2)
where λ is the spin - orbit coupling constant, ∆cf the crystal field splitting and Hex the
exchange field. By putting in the values of Hex, ∆cf and λ for a typical double exchange
manganite they find that ∆ρ/ρ0 ≈ −0.85% in the limit of zero temperature. While a
precise temperature dependence of the parameters Hex,∆cf and λ is not known, in man-
ganites of Tc < 300 K a significant enhancement in AMR near the Curie temperature (Tc)
has been observed. Herranz et al. [167, 168] have argued that as the Curie temperature
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is approached, the double exchange mechanism is impeded by the enhanced Jahn-Teller
distortion of the Mn-O octahedron with the concomitant unquenching of the orbital angu-
lar momentum which enhances the spin-orbit interaction and hence the AMR. Our data,
however, suggest that in these high quality films of La2/3Sr1/3MnO3 where Tc is ≃ 360
K, the AMR decreases on warming to 300 K. While we have not been able to measure
the AMR at T > 300 K due to experimental limitations, this is an important issue that
needs to be addressed in the future.
A rigorous analysis of the RMR data of our samples needs to be done using the ap-
proach of Do¨ring [100] which entails writing the magnetoresistance of a cubic ferromagnet
as a series in magnetization and current direction cosines αi and βi respectively as [100],
∆ρ
ρ0
= k1
(
α21β
2
1 + α
2
2β
2
2 + α
2
3β
2
3 −
1
3
)
+2k2 (α1α2β1β2 + α2α3β2β3 + α3α1β3β1)
+k3(s− c) + k4
(
α41β
2
1 + α
4
2β
2
2 + α
4
3β
2
3 +
2
3
s− 1
3
)
+2k5
(
α1α2α
2
3β1β2 + α2α3α
2
1β2β3 + α3α1α
2
2β3β1
)
(3.3)
where ρ0 is the resistivity at T = 0, the ki’s are phenomenological constants, c is a
numerical constant depending on the easy axis direction, and s = α21α
2
2 + α
2
2α
2
3 + α
2
3α
2
1.
For the situation when the magnetic domains are distributed equally among the easy axes
in a zero applied field, the constant c is 1/4 for the (110) easy axis and zero for the (100)
easy axis [109]. For the purpose of our (110) films, the analysis is similar to that used
by Gorkom etal [96] for (110) Fe with (001) easy axis. Following this work, we can write
α1 = −α2 =
(
1/
√
2
)
sinψ, α3 = cosψ, β1 = −β2 =
(
1/
√
2
)
sin η and β3 = cos η, where ψ
is the angle between the magnetization and the (001) axis and η, the angle between the
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Figure 3.17: Fit of eq. 3.4 to the RMR data of the (110) film taken at 10 and 300 K (left and right
hand side respectively). The dots are actual data and solid lines are the fitted curves. While at 300 K,
a reasonably good fit to eq. 3.4 is seen down to ≃873 Oe, at still lower fields, the angular dependence
is characterized by sharp drop of R(θ)/R(0) at θ > 900. At these fields the torque on ~M exerted by the
external field is not strong enough for coherent rotation. For the 10 K data, the quality of fit is poor
even at the higher fields and worsens as it is reduced below 1574 Oe. A sketch of the three vectors ~M , ~I
and the unit vector nˆ, and of the relevant angles is shown at the bottom of the figure. In our case ~I‖nˆ
hence η = 0 and (001) is the easy axis [162].
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electrical current ~I and the (001) direction. A sketch of the three vectors ~M , ~I and the
unit vector nˆ pointing along the easy axis in a most generalized situation is given at the
bottom of fig. 3.17. On substituting these parameters in eq. 3.3 one gets,
∆ρ
ρ0
− δ = C1 cos2 ψ + C2 cos4 ψ + C3 cosψ sinψ + C4 cosψ sin3 ψ (3.4)
where
C1 = k1
(
cos2 η − 1
2
sin2 η
)
− k2
2
sin2 η +
k3
2
+ k4
(
1
3
− 1
2
sin2 η
)
+
k5
2
sin2 η, (3.5)
C2 = −3k3
4
+ k4
(
cos2 η +
1
4
sin2 η − 1
2
)
− k5
2
sin2 η, (3.6)
C3 = 2k2 cos η sin η, (3.7)
C4 = k5 cos η sin η, (3.8)
and δ = k1
(
1
2
sin2 η − 1
3
)
+
k2
2
sin2 η +
k3
4
+ k4
(
1
4
sin2 η − 1
6
)
(3.9)
In our case ~I‖nˆ and hence η = 0. This result leads to C1 = k1 + (k3/2) + (k4/3), C2 =
(−3k3/4)+ (k4/2), C3 = C4 = 0 and δ = (−k1/3)+ (k3/4)− (k4/6). Since δ depends only
on k1, k2 and k3 which in turn are temperature dependent coefficients, we can lump δ in
(∆ρ)/(ρ0) for an isothermal measurement, and then, the right hand side of eq. 3.4 can
be written as (R −R0)/(R0), where R0 is the resistance at the peak position.
We have used eq. 3.4 to fit the RMR data for the (110) sample at 10 and 300 K, which
were presented earlier in figs. 3.8 and 3.9 respectively in a compact form. The quality of
fit is shown for a representative set of data in fig. 3.17. While we see a reasonably good fit
to eq. 3.4 down to ≃ 873 Oe, the angular dependence at still lower fields is characterized
by a sharp drop in ρ at θ > 900 due to MRPT as discussed earlier. For the 10 K data, the
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Figure 3.18: Field dependence of the coefficients C1, C2, C3 and C4 obtained by fitting eq. 3.4 to the
RMR data at 10 and 300 K. In both the, cases the parameter C3 and C4 stays close to zero. The result is
remarkable as it validates the fitting, because we already know that C3 = C4 = 0 due to ~I‖nˆ which makes
η = 0. We also note that the ratio of the quadratic (C1) and biquadratic (C2) term remains constant at
300 K in the field range of ∼800 Oe to ∼2700 Oe. At lower temperature, however, the term appearing in
fourth power of cosψ is constant whereas the magnitude of the quadratic term increases with the field.
quality of the fit is poor even at high fields (≈ 2000 Oe) and it worsens when the field is
reduced below 1574 Oe. Fig. 3.18 shows the variation of various fitting parameters with
field at 10 and 300 K. In both the cases, the parameter C3 and C4 stays close to zero. This
result is remarkable as it validates the fitting, because we already know C3 and C4 are
zero for our geometry (~I‖nˆ & η = 0). We also note that the ratio of the quadratic (C1)
and biquadratic (C2) coefficients remains the same at 300 K in the field range of ∼ 800
to ∼ 2700 Oe. At lower temperatures, however, the term appearing in the fourth power
of cosψ remains constant where as the magnitude of the quadratic term increases with
the field. In fig. 3.19, we have traced the variation of these coefficients with temperature
between 10 and 120 K at an applied field of 2.5 kOe. While C3 and C4 stay close to zero
for all temperatures, the absolute values of C1 and C2 increase with temperature. Before
we discuss the significance of these coefficients (Ci’s), it is pertinent to discuss the angle
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Figure 3.19: Temperature variation of the coefficients C1, C2, C3 and C4. The coefficients C3 and C4
remain close to zero at all temperatures. The absolute value of C1 and C2 increase as we go up in
temperature. The solid lines are hand drawn to indicate the most probable trend.
dependent data for the (001) epitaxial films.
For the (001) film, the easy axis is along (110) whereas the current is along the (100)
direction. This makes the direction cosines of the magnetization (αi’s) and the direction
cosines of the current (βi’s) with respect to the cubic axis as α1 = (1/
√
2) (cosψ − sinψ),
α2 = (1/
√
2) (cosψ + sinψ), α3 = 0 and β1 = (1/
√
2) (cos ξ + sin ξ), β2 = (1/
√
2) (cos ξ−
sin ξ), β3 = 0 with c = 1/4. The final expression for the resistivity in this case is’
∆ρ
ρ0
− γ = A1 cos2 ψ + A2 cos4 ψ + A3 sinψ cosψ (3.10)
where
A1 =
k4
3
− k2
(
1− 2 cos2 ξ)− k3, (3.11)
A2 = k3 − k4
3
, (3.12)
A3 = −2 (k1 + k4) cos ξ sin ξ, (3.13)
and γ =
k1
6
+ k2
(
1
2
− cos2 ξ
)
+
k4
12
(3.14)
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In this case ξ = π/4 and ψ = θ − π/4 where θ is the angle between the applied field
and the current direction. A sketch of the three vectors ~M , ~I and the unit vector nˆ
pointing along the easy axis in a most generalized situation is given at the bottom of fig.
3.20. Since ξ = π/4, it turns out that in this case A1 = −A2. Here we have assumed
[(∆ρ)/ρ0]− γ ≈ (R−R0)/R0, where R0 is the resistance when the field is aligned along
the (110), the easy axis. In fig. 3.20, we have shown the fit of eq. 3.10 to the RMR data
for the (001) sample at 10 and 300 K. It is evident that at 300 K the model (eq. 3.10)
correctly describes the behavior of the RMR down to fields as low as ≃ 275 Oe. At still
lower fields, although the deviations become large, the peaks and valleys of the data are
correctly reproduced. The situation, however, is quite different at 10 K; here even at high
fields, deviation from the model are evident near the maxima.
We now discuss the behavior of the coefficients A1, A2 and A3 whose variation as a
function of field is shown in fig. 3.21. First of all, we note that A1 = −A2 as expected
from the model under the geometry of these measurements. The coefficient A3 at both
temperatures increases with the field and then becomes constant at a high field. Moreover,
A3 increases by a factor of 2 at 10 K. It should be noted that A3 in eq. 3.10 appears
as a coefficient of cosψ sinψ which has extrema at 450, 1350, 2250 and 3150. A higher
weightage of A3 will lead to large deviations from the cos
2 ψ dependence. Fig. 3.22 shows
the dependence of coefficients A1, A2 and A3 with temperature. We can clearly see that A3
remains almost constant with temperature. The coefficient A1 increases with temperature
while A2 decreases with temperature.
The data presented in figs. 3.8, 3.9, 3.10 and 3.11 clearly show that the RMR is both
temperature and film orientation dependent. From these data, we also conclude that the
(110) films have higher anisotropy energy then the films with (001) orientation. This
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Figure 3.20: The fit of eq. 3.10 to the RMR data for the (001) sample at 10 and 300 K. It is evident that
at 300 K, the model (eq. 3.10) correctly describes the behavior of the RMR down to fields as low as ≃
275 Oe. At still lower fields, although the deviations become large, the peak and valleys of the data are
correctly reproduced. The situation, however, is quite different at 10 K, here even at the highest field
deviation from the model are evident near the maxima. These deviations become prominent at lower
fields. A sketch of the three vectors ~M , ~I and the unit vector nˆ directed along the easy axis is shown at
the bottom of the figure. In our experiment, ξ = π/4 and ψ = θ − π/4 where θ is the angle between the
applied field and the current direction. The current is flowing along the hard axis and the easy axis is
(110) [162].
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Figure 3.21: Field dependence of the phenomenological coefficients A1, A2 and A3 obtained by fitting
eq. 3.10 to the RMR data. Here A1 = −A2 as expected from the model under the geometry of our
measurements. The coefficient A3 at both temperatures first increases with the field and then becomes
constant. It should be noted that A3 in eq. 3.10 appears as a coefficient of cosψ sinψ which has extrema
at 450, 1350, 2250 and 3150.
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Figure 3.22: Temperature variation of phenomenological coefficients A1, A2 and A3. In this case A3 re-
mains almost constant throughout the temperature range. The coefficient A1 increases with temperature
while A2 decreases with temperature.
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becomes clear from the fact that at 300 K as well as at 10 K, the coherent rotation of
magnetization with the applied field which results in a cos2 ψ dependence of RMR appears
at much higher fields for (110) films then for (001) films. Secondly, a look at the AMR
percentages calculated from these data shows that for the (110) films, the absolute value
of the AMR increases with the temperature while it is just the opposite for the (001) films.
We believe that the magnetization vector of the (110) films at low temperature is strongly
pinned along the easy axis due to the large anisotropy energy. At higher temperatures, the
thermal energy kBT helps in depinning and the free rotation of ~M along with the external
field ~H . This leads to an enhanced RMR at higher temperatures. Of course, if the field
strength is increased further, free rotation would become possible at 10 K as well. The
required fields, however, may be well beyond what has been used in these experiments. A
direct support to this argument comes from the non-saturating trend of the 10 K AMR of
the (110) film as a function of the field (fig. 3.15). A very interesting picture emerges from
the value of the constants so calculated. While for the (110), film the RMR is mostly
dependent on even powers of cosψ, the dependence of the RMR for the (001) films is
predominantly cosψ sinψ where ψ is the angle between the applied field and the easy axis
of film. A qualitative explanation for this observation can be given if we refer to fig. 3.14
where the direction of the Mn-O-Mn bond of the (001) STO surface is shown. As we have
stated earlier, the (110) direction is the easy axis because of the degeneracy of the (010)
and (100) directions in a zero field. An external field applied at 450 with respect to the
(110) direction lifts this degeneracy, which perhaps is the reason why MR has a strong
contribution from the cosψ sinψ term with its maximum at ψ = 450.
A discussion on the temperature and angular dependence of RMR would remain in-
complete unless we address the role of electron localization in cyclotron orbits. The orbital
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magnetoresistance resulting due to electron trapping is given as [96],
(
∆ρ
ρ
)
OMR
=
(
eB⊥τ
m∗
)2
(3.15)
in the limit (eB⊥τ/m
∗)2 ≪ 1, where τ is the relaxation time, m∗ is the effective mass
of the electron and B⊥ the component of the magnetic induction perpendicular to the
current I. It is expected to be negligible when the carrier mean free path l is much shorter
than its cyclotron orbit (rc). With the known hole density (≈ 1.16 × 1028/m3), Fermi
energy (1.8eV) [169] of LSMO, 10 K resistivity and magnetic induction B (=H+4πM) of
the (001) film, which are 0.11 mΩ-cm and 7500 G for (001) films respectively, we obtain
l ≈ 2nm and rc ≥ 6.8µm. Similarly for the (110) film, l and rc are ≈ 3nm and ≥ 6.6µm
respectively. From these numbers, it can be concluded that the OMR will make negligible
contribution to the RMR in these films. Following Gorkom [96], the angular dependence
of OMR can be written as;
(
∆ρ
ρ
)
OMR
= κ
(
ρ2300
ρ2
)
sin2 θ, (3.16)
where κ = (B/neρ300)
2 and ρ300 is the resistivity at T = 300 K. Using the ρ10K and
ρ300K data for the (001) film and eq. 3.16 we obtain κ ≈ 2.3 × 10−10 and (∆ρ/ρ)OMR ≈
1.4 × 10−5% which is much too small as compared to the measured RMR. From this
analysis it can be concluded that the origin of the angular magnetoresistance is these
films is the spin-orbit coupling dependent AMR effect.
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Figure 3.23: R(H)/R(0) vs. H data for the (110) sample at 10 K (left panel) and 300 K (right panel)
taken at various angles between the applied field and the current direction. The current in this case is
flowing along the easy axis, and the hard axis is in-plane and 900 to the current direction. Arrows in
the figure mark the trajectory followed by the resistance as the field is swept from positive or negative
extremities. At 10 K the resistance increases superlinearly as the field reduced from 700 Oe till it reaches
a critical negative value Hc. On increasing the field further in the reverse direction, the resistance drop,
first rapidly and then gradually. The resistance profile during -Hmax to +Hmax field sweep is a mirror
image of the +Hmax to -Hmax sweep. A large hysteresis is evident in the figure whose area increases with
the angle θ between ~H and ~I . However the critical field ±Hc remains the same for all angles within the
experimental error (±10 Oe).
3.2.4 Magnetoresistance in La2/3Sr1/3MnO3 films
In fig. 3.23 we have shown the R(H)/R(0) vs. H data for the (110) sample at 10 K (left
panel) and 300 K right panel) taken at various angles between the applied field and the
current direction. The current in this case is flowing along the easy axis [162] and the hard
axis is in-plane and 900 to the current direction. Arrows in the figure mark the trajectory
followed by the resistance as the field is swept from positive to negative extremities. At 10
K, the resistance increases superlinearly as the field is reduced from 700 Oe till it reaches
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a critical negative value Hc. On increasing the field further in the reverse direction, the
resistance drops, first rapidly and then gradually. The resistance profile during –Hmax to
+Hmax field sweep is a mirror image of the +Hmax to –Hmax sweep. A large hysteresis is
evident in the figure whose area increases with the angle θ between ~H and ~I. However
the critical field ±Hc remains the same for all angles within the experimental error (±10
Oe), and also compares well with the coercive field deduced from the M-H loop(fig. 3.7).
For the measurement performed at 300 K, the R(H) curve is mostly reversible except
for a narrow range of the field between ±Hc where twin peaks appear in the resistance
for non-zero values of θ. The reversible part shows a ρ ∝ Hτ dependence with τ nearly
independent of the angle θ.
The isothermal magnetoresistance at different angles between ~I and ~H for films with
(001) orientation is shown in fig. 3.24 for measurement performed at 300 K (right panel)
and 10 K (left panel). The current in this case is flowing along the hard axis and the easy
axis [162] is 450 to the current direction. At 10 K and θ = 00 the R(H) curve is mostly
reversible except for the twin peaks appearing at ±Hc which agrees with the coercive field
deduced from M-H measurements. On increasing the angle θ (moving away from the easy
axis), two interesting features emerge from the data. First, the critical field at which the
resistivity drops precipitously shifts to higher values and second, the field dependence on
increasing field becomes superlinear to sublinear (ρ ∝ Hτ , τ = −8.8× 10−4 at θ = 0, τ =
−1.6× 10−4 at θ = 450). At 300 K, ρ(H) is devoid of detectable hysteresis. Also the field
dependence in this case remains linear at all angles.
The primary factors that contribute to the low field MR in these systems are the
colossal magnetoresistance effect and the tunneling magnetoresistance if the system has
a non zero granularity. The explanation in the case of a non-granular film lies in the
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Figure 3.24: The isothermal magnetoresistance at different angles between ~I and ~H for the films with
(001) orientation for measurements performed at 300 K (right panel) and 10 K (left panel). The current
in this case is flowing along the hard axis and the easy axis is 450 to the current direction. At 10 K and
θ = 00, the R(H) curve is mostly reversible except for the twin peaks appearing at ±Hc which agrees
with the coercive field deduced from M-H measurements. On increasing the angle θ (moving away from
the easy axis), two interesting features emerge from the data. First, the critical field at which resistivity
drops precipitously shifts to higher values, and second, the field dependence on increasing field becomes
superlinear to sublinear. At 300 K, ρ(H) is devoid of detectable hysteresis. Also the field dependence in
this case remains linear at all angles.
multidomain configuration model proposed by O’Donnell et al. [170]. At high fields, the
magnetization is aligned in the direction of the applied field. But as the field is lowered
and then applied in the opposite direction, the magnetization has to reverse at some point.
Considering that the reversal will be rapid, we would expect a change in resistivity ∆ρ
due to colossal magnetoresistance (CMR) given as [170]
∆ρ ≈ ρ (M0 + χHsw)− ρ (M0 − χHsw) (3.17)
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where Hsw is the switching field (the field at which the magnetization reversal occurs),
M0 is the spontaneous magnetization and χ is the susceptibility. This change will be
seen for a transition in magnetization from anti-parallel (M ≈ M0 − χHsw) to parallel
(M ≈M0 + χHsw) to the applied field. As pointed out by O’Donnell et al. [170], this
simple model cannot explain some features in these data. Considering the case when we
treat the film as a single domain, the magnetization either flips directly from antiparallel
to parallel alignment or it comes to the parallel alignment following a two step process,
passing from antiparallel, to transverse, to parallel. When ~M is parallel or antiparallel to
the applied field we have, ∣∣∣ ~M ∣∣∣ ≈M0 ± χH (3.18)
and for ~M perpendicular to the applied field,
∣∣∣ ~M∣∣∣ ≈M0 which is independent ofH . Below
Tc and at very low fields, we can assume that χH ≪ M0 for a single domain sample. So
in this case the linear approximation of eq. 3.18 is correct. So the CMR below Tc is a
first order expansion in the small parameter χH about ρ (M0). From these arguments and
taking into account that the CMR is linear, the change in resistivity upon flipping of the
magnetization from antiparallel to parallel expressed by eq. 3.17 can be approximated to
∆ρ = 2χHsw
dρ
dM
∣∣∣∣
M0
(3.19)
The single-domain model also fails to explain the deviation from linearity. To overcome the
shortcomings of the single domain model, O’Donnell et al. [170] proposed a multidomain-
model. In this model, the magnetization reversal proceeds via motion of the domain
walls.
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The resistivity for a sample with the applied field along the easy axis can be written as
[170]
ρ ≈ xρpar + yρantipar + zρtransverse (3.20)
where ρpar, ρantipar and ρtransverse are the resistivities of the domains parallel, antiparallel
and transverse to the applied field.
Now we try to analyze our MR data in the light of the multi-domain model and
take into account that our (110) LSMO films show uniaxial and (001) films show biaxial
anisotropy. Looking at the data for (110) samples at 300 K (right hand panel of fig. 3.23),
we do not see any discontinuous change in resistivity when H‖J . So it looks like that as
soon as the field is reversed, the magnetization also reverses. For other angles, we see a
clear discontinuous change. This behavior can be understood by arguing that as the field
is slowly increased from zero, the moments align along the hard axis that is perpendicular
to the current and as a result, the resistivity increases. Once the field crosses a threshold
limit, the magnetization flips abruptly towards the applied field direction. Since T=300 K
is very close to Tc for LSMO, it is very weakly ferromagnetic at that temperature. Hence
it is possible that for fields aligned along the easy axis we may not see any discontinuous
jump. The data at 10 K (left hand panel of fig. 3.23) show large hysteretic loop in MR.
Secondly, the transition is not very sharp. This can be attributed to the deviation from
the square hysteresis loop that this sample shows at 10 K (top panel of fig. 3.7). In this
case, a transition is also seen for H‖J since at 10 K, LSMO is strongly ferromagnetic.
The R(H)/R(0) curves for the (001) sample reveal some interesting facts as well. If we
look at the data at T = 300 K (right hand panel of fig. 3.24) we see linear R-H behavior
when H is parallel to the easy axis (i.e. 450 to the current direction) [162]. Some non-
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linearity sets in once the applied field direction moves away from the easy axis but the
non-linearity is not hysteretic. The observed non-linear dependence presumably arises
from the slow rotation of the magnetization vector with the increasing external field.
The data at 10 K (left hand panel of fig. 3.24) show some features of first order
transition but the explanation is a little different in this case since (001) samples show
biaxial anisotropy. In this case, the muti-domain model is a proper explanation of the
effect. So, when the applied field is along the current direction at low fields, domains
aligned in the direction of the easy axis start appearing. Since these domains are aligned
away from the current direction the resistance increases. At a particular field, the moments
switch to the direction of the applied field and we see the step in the resistivity. But in this
case, the step is also present for H‖ to the easy axis that is 450 to the current direction.
This can be attributed to the fact that for the field to flip completely, it has to cross
two hard directions. So a minimum magnetic energy is required to completely flip the
moments.
3.3 Conclusion
We have carried out a comparative study of the isothermal magnetoresistance of (001)
and (110) epitaxial La2/3Sr1/3MnO3 films as a function of the angle between the current
and the coplanar magnetic field at several temperatures between 10 and 300 K. The
magnetic easy axis of the (001) and (110) films is along the (110) and (001) directions
respectively. In view of the similar texture of these two types of films, which can otherwise
contribute to shape anisotropy, we conclude that the easy axis is fundamentally related
to the orientation of the Mn-O-Mn bonds on the plane of the substrate. The isothermal
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resistance ρ⊥ and ρ‖ for ~I⊥ ~H and ~I‖ ~H configurations respectively of these two type
of films obey the inequality ρ⊥ > ρ‖ for all fields and temperatures. However, ρ(θ)
shows deviation from the simple cos2 θ dependence at low fields due to pinning of the
magnetization vector ~M along the easy axis. This effect manifests itself as a discontinuity
in ρ(θ) at θ > π/2 and a concomitant hysteresis on reversing the angular scan. We
establish a magnetization reorientation phase transition in this system and extract the H-
T phase space where ~M remains pinned. A robust pinning of magnetization seen in (110)
films suggests strong in-plane anisotropy as compared to the (001) films. We have carried
out a full fledged analysis of the rotational magnetoresistance of the two types of epitaxial
LSMO films in the framework of the Do¨ring theory [100] of anisotropic magnetoresistance
in metallic ferromagnet single crystals. We note that strong deviation from the predicted
angular dependence exists in the irreversible regime of magnetization. A simple estimation
of orbital MR in these films suggest that the RMR is dominated by spin-orbit interaction
dependent anisotropic magnetoresistance.
Chapter 4
La2/3Sr1/3MnO3 - YBa2Cu3O7 -
La2/3Sr1/3MnO3 heterostructures
4.1 Introduction
The transport of quasiparticles and paired electrons across superconductor-ferromagnet
(SC-FM) proximity effect junctions provides valuable information on the degree of spin
polarization in the ferromagnet, exchange-field-induced inhomogeneous superconductiv-
ity at the SC-FM interface, symmetry of the SC order parameter and a plethora of
other effects arising from the antagonism between superconductivity and ferromagnetism
[2, 5, 6, 7, 8, 42, 57, 171, 172, 173], some of which are technologically important [71, 174].
Investigations in heterostructures of ferromagnetic manganites and hole doped cuprates
present a rich field of research due to the d-wave symmetry of the SC order parameter and
a high degree of spin polarization in manganites. One of the systems of interest for such
studies is the La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3 [LSMO - YBCO - LSMO]
trilayer. While magnetotransport and magnetic ordering in such manganite - cuprate
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Figure 4.1: Orientation of CuO2 planes in (001) heterostructures (left panel) and (110) heterostructures
(right panel). We can see that in the case of (110) hybrids, the two FM layers are directly connected to
each other through the superconducting CuO2 layers.
heterostructures and superlattices have been studied in detail [5, 9, 10, 175], the YBCO
in all such studies has its c-axis perpendicular to the plane of the substrate. Since super-
conductivity in YBCO lies in the CuO2 planes (ab - plane), the c-axis oriented structure
does not allow injection of quasiparticles along the nodal or fully gapped directions of the
Fermi surface.
In order to overcome this difficulty, it is necessary to grow the YBCO layer with crys-
tallographic orientation such that the CuO2 planes are normal to the substrate. This
can be achieved by growing either (100)/(010) or (110) oriented YBCO films. While
the (100)/(010) and (110) YBCO oriented films on lattice matched substrates have been
deposited and studied successfully [152, 153, 154, 176], the growth of an FM - SC het-
erostructure or superlattice with the CuO2 planes normal to the plane of the substrate is
quite non-trivial. Fig. 4.1 shows the orientation of CuO2 planes when the film is (001)
oriented (left panel) and (110) oriented (right panel)
With this background in mind, in this chapter we will first discuss the growth recipe
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for trilayers where the CuO2 planes are normal to the plane of the heterostructure such
as (110) oriented growth, and then present some fascinating results on such trilayers.
4.2 Results and Discussion
4.2.1 Growth and characterization of (110) trilayers
The growth of a (110) trilayer requires a heterotemplate technique where the template
layer is PrBa2Cu3O7 . It has been found earlier that 100% (110) oriented YBCO grows at
∼600 oC [177] on bare (110) STO. But the Tc of the films thus grown is much lower than
the reported Tc of 90 K for YBCO. As a result, a self template method was employed
in which a layer of YBCO, ≈50 nm thick was deposited at ∼600 oC and then another
layer of the desired thickness was deposited at 800 oC. These films showed a remarkable
improvement in Tc but the 100% (110) oriented film had a Tc close to 70 K. In the next
step, the YBCO template was replaced by PBCO and in this case 100% (110) showed a
Tc of 89 K even when the template was deposited at 700
oC. Based on the above facts, we
chose the heterotemplate technique for our (110) thin films. Thin films of PBCO - LSMO
- YBCO were deposited using the pulsed laser deposition (PLD) technique [10]. The
optimized growth temperature (Td), oxygen partial pressure pO2, laser energy density
(Ed) and growth rate (Gr) used for the deposition of the 500 A˚ thick PBCO template
were 700 0C, 0.4 mbar, ∼2 J/cm2 and 1.6 A˚/sec respectively. After the deposition of
the PBCO layer, the substrate temperature was raised to 750 0C keeping pO2 constant.
The growth of 300 A˚ thick LSMO was carried out at Td = 750
0C, pO2 = 0.4 mbar,
Ed ∼2 J/cm2 and Gr ≃ 0.5 A˚/sec. Once the growth of the LSMO layer was complete, a
1000 A˚ YBCO film was deposited on top of the PBCO - LSMO bilayer at Td = 800
0C,
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Figure 4.2: θ − 2θ X - ray diffraction of PBCO - LSMO - YBCO heterostructure grown on (110) STO.
The inset presents a magnified view of the curve between 2θ = 32.1o and 33.0o for PBCO - LSMO -
YBCO (solid line) and for PBCO - YBCO (broken line) heterostructures. The splitting of the substrate
peak in the inset is due to the kα1/kα2 component of the incident X-rays.
pO2 = 0.4 mbar, Ed ∼2 J/cm2 and Gr ≃ 1.6 A˚/sec. After completion of this layer, the
deposition chamber was filled with O2 to atmospheric pressure and then the sample was
cooled to room temperature with a 30 minutes holdup at 500 0C to realize full oxygenation
of the structure. These deposition parameters were established after taking a series of
calibration runs where the crystal orientation, high Tsc of the YBCO and low coercivity
(Hc) of the LSMO layer were important factors in deciding the best condition.
Epitaxial growth of the heterostructures was established with X-ray diffraction [XRD]
used in θ−2θ and φ scan modes. In Fig. 4.2 we have shown θ−2θ scans of a PrBa2Cu3O7
- La2/3Sr1/3MnO3 - YBa2Cu3O7 heterostructure. Two intense doublets located at 2θ ≃
32.5o and 69o are seen of which the lower angle component is due to the (110) and (220)
reflections of the substrate. The manganite has cubic symmetry with lattice parameter
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Figure 4.3: φ scans of the PBCO - LSMO - YBCO heterostructure. Panels (a) and (b) show the (117)
φ scan for the (110) and (103) phases respectively, clearly indicating the presence of both (103)/(110)
phases of YBCO. Panel (c) shows the (109) φ scan for the (001) phase indicating the absence of the same.
a = 3.85 A˚. Fully oxygenated YBCO and PBCO are orthorhombic with a = 3.83 A˚
and 3.82 A˚, b = 3.89 A˚ and 3.88 A˚, and c = 11.66 A˚ and ∼ 11.79 A˚ respectively.
The weaker component of the doublets which appear at the higher 2θ can be identified
with the scattering vector of the heterostructure normal to the plane of the substrate.
The observation of a single peak instead of three separate peaks corresponding to each
component of the heterostructure suggests coherent epitaxy. This is also evident from the
blownup view of the first doublet shown in the inset along with the diffraction pattern
for a PBCO - YBCO bilayer on (110) STO. However, the observations of these peaks in
θ-2θ scattering geometry does not confirm the (110) phase purity as the reflections from
the (103) and (013) oriented phases also fall at the same 2θ value.
Fig. 4.3 panels a, b and c respectively show the φ scans of the (117) peak from the
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(110) and (103) phases of YBCO and the (109) φ scan for the (001) phase of YBCO. In
panel (a), we see four peaks while panel (b) shows eight. This is due to the fact that the
(117) peaks from the (110) phase of YBCO and LSMO lie at the same position while it
is not the case when we are probing the (117) peaks from the (103) oriented phase. The
absence of any peak in panel (c) rules out the (001) phase. The volume percentage of
(110) oriented grains calculated from the recipe of Westerheim et al [178] comes out to
be &65% with the remaining volume is of (103) grains. While the growth is not 100%
(110) oriented, the remaining (103) grains still permits injection of spin polarized carriers
directly into the CuO2 planes as these planes are oriented at 45
o with respect to the
substrate (inset (b) in fig. 4.4). To demonstrate this point, in fig. 4.4, we have shown
the result of four circle X-ray diffraction of θ − 2θ scans of the (117) peaks in (110) and
(103) oriented grains. In the inset of fig. 4.4 we have schematically drawn the two cases
i.e. when pure (110) YBCO is sandwiched between ferromagnetic layers (left hand side)
and when a mixture of (110) and (103) phases is present (right hand side). It is to be
noted that the (110) percentage of YBCO directly grown on the template under similar
growth conditions is &90%. High-resolution TEM measurement done on the bilayers of
templated LSMO-YBCO revealed a mixture of (110) and (103) grains. In fig. 4.5 we have
shown the HRTEM image of a bilayer.
In fig. 4.6 we have shown the M vs. H loops for a PBCO - LSMO - YBCO heterostruc-
ture taken at 10 K with field H parallel to the (001) and (110) directions of the substrate.
The square hysteresis loop in the main figure (and in inset) when H ‖ (001) as against a
slowly saturating loop when H ‖ (110) clearly shows that (001) is the magnetic easy axis
of the LSMO. We can also see distinctly the diamagnetic contribution from the SC, which
splits the field increasing and field decreasing arms of the loop beyond the saturation field.
4. LSMO-YBCO-LSMO heterostructures 107
64 65 66
1.5
3.0
4.5
 2θ (degree)
 
 
In
te
n
si
ty
 
(a.
 
u
.
)
 (103)
 (110)
SubstrateSubstrate+ Template
LSMO
LSMO
SubstrateSubstrate+ Template
LSMO
LSMO
Figure 4.4: Four circle X-ray diffraction measurements of orientation distribution in the heterostructure.
The figure shows the θ − 2θ scans of (117) peaks in (110) () and (103) (△) oriented grains. The inset
shows the orientation of CuO2 planes in a pure (110) film (a) and a (110) film with (103) contamination
(b)
This splitting is because of the SC-state is confirmed by the absence of the same in the
M-H loop taken at 200 K (inset). It is possible to calculate the critical current density
(Jc) of the superconducting film from the diamagnetic splitting in the M-H loop of the
film. The splitting in the M-H loop for a circular film of radius R, thickness d and field
perpendicular to surface, can be written as a function of the critical current density Jc as
[179]
m =
(π
3
)
R3Jcd (4.1)
where m is the splitting of the M-H loop divided by two. In our case the films are square
with sides of length w and thickness t. The field is parallel to the plane of the film. So
the surface perpendicular to field is w × t. The radius of a circle with the same area will
be given by R =
√
wt/π. In our case d in eq. 4.1 will be replaced by w. Hence, the final
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Figure 4.5: Cross-sectional TEM image of a templated LSMO-YBCO bilayer. The image clearly shows
regions of (110) and (103) grains. Image taken by Y Zhu and group at Brookhaven National Laboratory,
USA
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Figure 4.6: M vs. H loops for PBCO - LSMO - YBCO heterostructures taken at 10 K with the field ‖
and ⊥ to (110) substrate edge. The inset shows the M - H loop with H along the magnetic easy axis at
200 K.
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Figure 4.7: (a) Josephson tunneling controlled screening current in (110) oriented heterostructure when
the applied field H ‖ CuO2 planes. (b) In - plane screening current in (110) oriented heterostructure
when the applied field H ⊥ CuO2 planes.
formula for Jc comes out to be
Jc = m
(
3
π
)( π
wt
)3/2 1
w
(4.2)
A calculation of the critical current density (Jc) from the shift of M-H loop using eq. 4.2
yields Jc ≃ 3.8× 104 A/cm2 at 10 K and 350 Gauss field. A remarkable feature of these
hysteresis loops is the near absence of the diamagnetic contribution when the magnetic
field is aligned along the magnetic hard axis {(110)} of LSMO. These features can be
understood if we visualize the way screening currents are induced in the SC-film by the
external field. As shown in fig. 4.7, when the external field is parallel to the CuO2 planes
(H ‖ (110)), the diamagnetic moment is produced by weak Josephson tunneling currents
across the CuO2 planes. However for H ‖ (001), the screening currents are confined to
each CuO2 plane. A large condensate density in the planes makes these currents strong
and the diamagnetic moment is distinctly visible in the M - H loop. The hysteresis loop
shift due to superconductivity in La0.7Ca0.3MnO3 - YBCO - La0.7Ca0.3MnO3 superlattices
has also been seen by Pen˜a et al. [9]. Their calculation of Jc on the basis of the Bean
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Figure 4.8: Transport Jc(T) data for PBCO - YBCO and PBCO - LSMO - YBCO heterostructures taken
with a voltage criterion of 10 µV/cm. The solid lines are the fitting using the formula Jc = Jo(1− TTsc )β .
The inset shows the resistivity of the same samples in the vicinity of Tsc. The resistivity has been
normalized with respect to its value at 92 K.
model yields a suppression of the current by a factor of 20 at 5 K. However, the work of
ref. [9] is on c-axis oriented films, where the suppression of Jc due to the ferromagnetic
proximity effect may be small as the c-axis coherence length ξc of YBCO is only ≃ 3 A˚.
In fig. 4.8 we have shown the variation of transport Jc with temperature for a PBCO
- LSMO - YBCO (circle) and PBCO - YBCO (square) heterostructure where PBCO is
500 A˚, LSMO is 300 A˚ and YBCO is 2000 A˚ thick, the LSMO layer being absent in the
second structure while other thicknesses are same. The SC transition in these samples
measured in a four probe geometry is shown in the inset of fig. 4.8. We note that while
this transition in the PBCO - LSMO - YBCO heterostructure is quite sharp (∆Tsc ≈ 2.5
K) as compared to the (110) oriented PBCO - YBCO bilayer, its Jc is greatly suppressed.
The Jc(T) data have been fitted to the phenomenological relation Jc = Jo(1 − TTsc )β.
The fitting parameters for the PBCO - LSMO - YBCO and PBCO - YBCO structures
4. LSMO-YBCO-LSMO heterostructures 111
are Jo = 2.0 × 104 A/cm2 and 1.8 × 105 A/cm2 respectively, while β = 1.5 and 2.16
respectively. In the Ginzburg - Landau description of Jc(T), the prefactor Jo is directly
related to the condensate density. A highly suppressed Jo in samples with ferromagnetic
boundary provides a strong indication of pair breaking by spin polarized carriers injected
from the LSMO.
4.2.2 (110) LSMO - YBCO - LSMO
With the optimized growth conditions, trilayers of (110) La2/3Sr1/3MnO3 - YBa2Cu3O7
- La2/3Sr1/3MnO3 were synthesized and their various magnetic and electronic properties
were measured. Fig. 4.9 shows the resistivity curves ρ(T ) for two trilayers. The upper
panel is the result for a trilayer with a 500 A˚ YBCO spacer. The ρ(T ) curve is char-
acterized by transition to a superconducting state which starts at ∼80 K and completes
when the temperature reaches ∼60 K. The bottom panel shows the resistivity for a sim-
ilar structure with a 200 A˚ YBCO spacer. In this case the trilayer does not go into the
superconducting state though it has a metallic behavior. It is interesting to note that
while the YBCO of thickness 200 A˚ in the (110) trilayer shows no Tc, a superconducting
transition can be seen for YBCO thickness of even 50 A˚ for the (001) trilayer [10]. This
is presumably due to greater Tc suppression in the case of (110) films because of direct
injection of spin polarized carriers in the superconducting CuO2 planes of YBCO. In fig.
4.10 A & B we have shown the M-H loops of the trilayer with dY BCO = 500 A˚, at 40
and 60 K respectively. A plateau in the M-H loop near zero magnetization confirms the
presence of an antiferromagnetic state. This antiferromagnetic state is present in the
normal state of the superconductor as well. Panels C through G in the same figure show
the magnetoresistance (MR) of the superconducting trilayer at a few temperatures across
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Figure 4.9: Resistivity data for (110) LSMO - YBCO - LSMO trilayer with dY BCO = 500A˚ (top panel)
and 200A˚ (bottom panel). Here the films with 200 A˚ thick YBCO layer are not superconducting while
(001) trilayers films are superconducting even for YBCO layer thickness of 50 A˚.
the transition. The MR in this case is defined as R(H)/R(0) where R(H) is the resistance
of the sample at applied field H. The field and current (I) in this case are coplanar but
orthogonal to each other. We first discuss panels C and D which present the data for the
trilayer in the superconducting state at 40 K and 60 K respectively. Starting from a fully
magnetized state of LSMO layers at 800 Oe the MR first increases slowly as the field is
decreased. At ∼400 Oe the rate of increase becomes faster but remains continuous till the
zero field. On reversing the field, a small step like jump is seen around ∼-50 Oe and then
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Figure 4.10: Panels A and B show the M-H loop of the trilayer at 40 K and 60 K. Panels C-G show the
field dependence of resistivity for the superconducting trilayer shown at a few representative temperatures
across the transition temperature. The MR of the film in the superconducting state is higher than that
in the normal state. Panel H shows the comparison of MR% with temperature and sample resistivity. A
clear peak seen near the transition temperature can be attributed to the unusual rise in the normal state
properties of the superconductor near the transition temperature. MR% is the difference of MR between
the highest and lowest points in the curve with respect to the resistance at a zero applied field.
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the MR keeps rising to a peak value after, which a local minimum is attained followed
by a sudden jump in the MR at ∼370 Oe to a much lower value. Further increment of
the field results in a gradual decrease in MR till a reversed field of 800 Oe is reached.
This cycle repeats itself once the field is decreased from -800 Oe and increased to 800
Oe. We have measured MR for the sample at a few more temperatures below Tc. In all
those measurements we found that the resistance ratio Rmax/Rmin over the whole range
of measurement is ∼2. The current flowing through the sample in these measurements
is ∼Jc of the sample at that temperature. Panels E and F show the MR vs. H data for
70 and 80 K respectively, where the YBCO layer in the trilayer is in the superconducting
transition region (top panel of fig. 4.9). Here we can see that the high field negative
magnetoresistance region, as seen in panels C and D in the field regime ∼ 400 - 800 Oe,
is replaced by a positive magnetoresistance which is completely opposite to the negative
MR seen on LSMO films [180]. The resistance ratio in panel E is ∼3 which is the high-
est over the whole range of measurement. This resistance ratio sharply drops once the
film starts entering the normal state as is evident from the panels showing the MR at
80 (panel F) and 100 K (panel G). Panel G shows MR data for 100K, where negative
magnetoresistance is seen in a high field, which is a characteristic feature of LSMO [180].
Even though in panel G the resistance ratio is reduced due to the superconducting spacer
entering into the normal state, however the first order jump in resistance near H≈350 Oe
is still present clearly proving the fact that the resistance ratio is dependent on the spacer
layer properties while the first order transition is dependent on the FM layer properties.
In panel H the MR% plotted is defined as ∆R/R(0) where ∆R = (R↑↓)max−(R↑↑)min and
R(0) is the resistance at zero field at that temperature. (R↑↓)max is the resistance at the
peak position in the MR-H curve. (R↑↑)min is the minimum resistance of the segment of
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MR-H curve where the magnetizations of both the FM layers are parallel to each other.
A distinct behavior of MR% can be seen when the sample becomes superconducting. The
sample in the normal state has a very low MR but once the sample starts moving into
the SC regime, the MR shoots up rapidly and then comes down to saturate at a constant
value at low temperatures. The increase in MR in the vicinity of Tc can be attributed to
the abnormal increase in the normal state properties of the superconductor [181].
Another important feature that is quite prominent in fig. 4.10 is the presence of peaks
in the MR data. A comparison of MR-H and M-H plots (panels A and C, and panels B
and D) shows that the peaks coincide with the region where the M-H curve has a plateau.
The near zero magnetization in the plateau suggests antiferromagnetic coupling between
the magnetization vectors of the top and bottom LSMO layers. We can estimate the
exchange energy associated with the AF coupling in the following way. The free energy
expression for two magnetic layers of the same thickness coupled via the spacer can be
written as [182]
F = Fc + Fa − ~H.
(
~M1 + ~M2
)
t (4.3)
where M1 and M2 are the magnetizations of the the top and bottom LSMO layers, Fc is the
coupling energy per unit area and t is the thickness of a single LSMO layer. The anisotropy
part of the energy (Fa) is primarily dependent on contributions from magnetocrystalline
anisotropy as well as the in-plane uniaxial anisotropy of the film. Assuming a bilinear
coupling, Fc can be written as;
Fc = −J1
(
~M1. ~M2
)
(4.4)
where ~M1 and ~M2 are the unit magnetization vectors, and J1 < 0 corresponds to an-
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tiferromagnetic coupling between FM layers. For a given external field, the minima of
eq. 4.3 will yield the relative orientation of ~M1 and ~M2. If J1 is positive, even in zero
field ~M1‖ ~M2, so increasing the field does not change anything. If J1 is negative then the
minima is achieved when H = 0 and ~M1 and ~M2 are antiparallel or antiferromagnetic in
alignment. The anisotropic term in eq. 4.3, Fa can be written as,
Fa = KtM1,2 (4.5)
where M1,2 is a function of ~M1 and ~M2 and K is the anisotropy constant. If | J1 |≫ K,
then a second order reorientation transition and a smooth linear M-H dependence fol-
lowed by saturation is predicted by the theory. On the other hand if | J1 |≪ K then the
magnetization slowly increases in the low field, and then abruptly at some critical field
Hs, the system undergoes a first order transition with an abrupt jump to saturation mag-
netization. The critical field Hs which is also known as saturation field or switching field
can be written in terms of the magnetization density Ms, thickness t of one ferromagnetic
layer and coupling energy J1 as [182],
Hs = −
(
J1
Mst
)
(4.6)
It is to be noted that this equation is for the case where the two FM layers are of equal
thickness t. The behavior of the magnetization seen in fig. 4.10 corresponds to this situ-
ation. In fig. 4.11(a), we have shown the variation of J1 as a function of the temperature
calculated using eq. 4.6 for dY BCO = 500A˚. Panel B of fig. 4.11 shows a comparison
between the peak position in the MR-H data and the start and end points of the anti-
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Figure 4.11: Panel A shows the variation of coupling energy with temperature between two ferromagnetic
layers. The coupling in this case is higher than that seen for (001) layers (Details in text). Panel
B shows the comparison between the peak position in MR data and the start and end points of the
antiferromagnetic phase in the MH data. Panels C and D show the position of the points on the MR and
MH data plotted in the middle panel. The agreement in the data points clearly shows the dependence of
discontinuities in the MR data on the antiferromagnetic phase of the sample.
ferromagnetic phase in MH data. Panels C and D show a typical MH and MR-H data
for the sample. The arrows point to positions of the points on the MR-H and MH data
which have been plotted in panel B.
We now discuss the behavior of J1 as seen in fig. 4.11(panel A). The temperature
dependence of the interlayer exchange coupling in metallic multilayers has been worked
out theoretically [183, 184]. The starting point for calculating the coupling is to calculate
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the energy per unit area in the ferromagnetic and antiferromagnetic configuration. The
difference of the two will give us the exchange coupling of the system. The energy terms
are functions of the reflection coefficients of the electrons in the spacer hitting the spacer-
ferromagnet interface calculated in the light of the free-electron model. Using the above
method the dependence of linear exchange coupling J1 with temperature is given by [184]
J1(T ) = J1(0)
[
(T/T0)
sinh (T/T0)
]
(4.7)
where the characteristic temperature T0 depends on the Fermi wave vector kF and spacer
thickness dn through the relation T0 = ~
2kF/2πkBdnm, where m is the free-electron mass
and ~ and kB are the Planck and Boltzmann constants respectively. In this case, since the
transport is along the (110) axis, the relevant wave vector will be kF(110) . In fig. 4.11 it
is seen that J1 increases linearly as the temperature decreases. This is different from the
behavior expected from eq. 4.7. In general, functions of the type x/sinh(x) saturate in
the limit x→ 0, but in this case we do not see any saturation of J1 even at a temperature
of 2 K. The magnitude of J1 is almost an order higher than what is seen for (001) oriented
heterostructures [10]. These high values are in line with the predictions of de Melo [34]
where he had pointed out that the coupling along the (110) direction will be higher than
that along the (100) or (001) directions. In fig. 4.12, we have shown the schematic of a
(110) trilayer where the spacer is a d-wave superconductor. It is clear from the figure that
in this case the coupling, is mediated by the nodal quasiparticles whose number density
remains high even at T≈0. This explains the large J1 and the absence of any anamoly in
J1 near Tc. The middle panel of fig. 4.11 shows the comparison between various critical
points on the MH loop and MR data. Here we have plotted the starting and end points
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Nodal Direction 
Figure 4.12: Schematic showing nodal direction in dx2−y2 -orbital. The LSMO layers shown in the
schematic signify the position of LSMO layers in a (110) trilayer. This schematic is for a trilayer where
the spacer is a d-wave superconductor.
of the plateau in the MH loop against temperature. From the MR(H) loop we have taken
the points of discontinuity which are indicated in the bottom right panel. The bottom
left panel shows the position of points H1 and H2 on the MH loop. We can clearly see
that both the representative points agree well within experimental error with each other
clearly demonstrating the fact that the discontinuities in MR the data come from the
antiferromagnetic regime of the sample.
Fig. 4.13 presents the AMR data on (110) trilayers. The x-axis defines the angle θ
with respect to the current direction. The left hand axis shows R(θ) and the right hand
y-axis shows MR % defined as (R(θ) - Rmin)/Rmin where Rmin is the minimum resistance
of the sample over the whole range of measurement. Before we discuss the data in detail,
let us explain the measurement geometry which has been schematically shown in panel D
of the diagram. The patterned sample is placed over a solid block of copper as shown in
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Figure 4.13: Angular dependence of MR in the FM-SC-FM trilayer is plotted at T < Tc (panel A), T
> Tc (panel B) and a FM-NM-FM trilayer (panel C). The data clearly shows that a superconducting
spacer in the superconducting state enhances and modifies the AMR considerable. The AMR of the
FM-NM-FM trilayer is mostly dependent on the AMR of the FM layer. Panel D shows the schematic of
the measurement geometry.
the figure. The current in the sample is along yˆ. The applied field rotates in the xy-plane.
The angle θ is measured with respect to yˆ. The sample is patterned along yˆ in such a
way that the CuO2 planes of YBCO are in the yz-plane. In short, xˆ, yˆ and zˆ are parallel
to (001), (110) and (110) directions of the sample. Panels A and B show the AMR of the
trilayer at T = 40K (< Tc) and T = 100 K (> Tc) respectively on a film with dY BCO = 500
A˚. Panel C shows the AMR measurement at 20 K on a film with dY BCO = 200 A˚. From
panels A & B, we can see that the trilayer shows a huge MR when the SC layer is in the
superconducting state. The same film hardly shows any AMR once the film moves into
the normal state. This is also evident from the AMR data in panel C. The trilayer in this
case is non superconducting for all temperatures (bottom panel of fig. 4.9). The angular
dependence in panel C is similar to the one seen for plane LSMO films (Results in Chapter
3). The dependence of AMR in the superconducting state is markedly different from the
one in the normal state. For our sample geometry, when the field is perpendicular to the
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current it is also perpendicular to the CuO2 planes resulting in maximum dissipation in
the YBCO layer. So, the logical thing would be that the AMR is higher when the field
is perpendicular to the current, but what we see here is completely opposite. This can
be explained as follows. We know that the dissipation in YBCO when the applied field is
perpendicular to the copper oxide planes is due to the formation of vortices and when the
field is parallel, the dissipation is mostly due to pair-breaking effects. In our geometry,
the effective area of the sample exposed perpendicular and parallel to field is equal to the
thickness of the sample multiplied by the length and the breadth respectively. It is quite
possible that the effect of vortex formation in such small a area has lower dissipation than
pair breaking effects. Hence, if we assume that pair breaking is causing larger dissipation
in the YBCO layer in these trilayers we can safely conclude that for fields parallel to the
current (or copper oxide planes) will show higher AMR.
In fig. 4.14 we have plotted the current dependence of the AMR for three different
orientations of the sample as shown in the figure. H(0) in the figure corresponds to the
situation when the angle of the field with respect to the current or sample plane is zero.
In the top panel, the measurement geometry is the same as is shown in fig. 4.13(d). In
the middle panel, the CuO2 planes are perpendicular to field when θ = 0 and in the
bottom panel the field always stays parallel to the CuO2 planes. The top panel shows
the dependence in the coplanar configuration. We can see that as I is decreased AMR
increases. For the same film, the middle and bottom panel show unusually large AMR. It
is to be noted that the AMR in the middle and bottom panel come from contributions from
two different effects. First will be the AMR due to field being parallel or perpendicular
to the CuO2 layer of the SC spacer and the second will be due to the out-of-plane field
which gives rise to a high resistance state. In the bottom panel, we can see that the
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Figure 4.14: Current dependence of AMR measured at three different configurations. The AMR of the
samples increases as the current through the sample is decreased clearly proving the fact that a low
resistance spacer enhances MR in these trilayers.
applied field always stays parallel to the CuO2 planes. The AMR seen here essentially
comes from the contributions of the field perpendicular to SC layer. In the middle panel,
we can see that the AMR is much higher than that of any other configuration. In case
we assume that the contribution is only from the first case, as pointed out earlier, then
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there should be no angular dependence in the bottom panel and if we assume that all
the contribution is coming from the second case, then the middle and bottom panels
should show comparable AMR. The fact that the middle panel shows an AMR almost
6 times that of bottom panel points to the fact that the AMR is coming from both the
contributions which in this case, have same behavior in the configuration shown in middle
panel and hence the effect is additive. We can also see that in all the cases, reduction
in the current results in an increase in the AMR vindicating the hypothesis that low
resistance in the spacer contributes to a higher magnetoresistance.
4.2.3 Anisotropic Magnetoresistance of (110) LSMO - YBCO
and (110) YBCO thin films.
To verify our results of unusually high AMR in the trilayers we have done some control
experiments involving an LSMO-YBCO bilayer and a YBCO single layer film. The growth
conditions for these films are exactly the same as the trilayer except for the fact that these
films were made with dY BCO = 1000A˚. Fig. 4.15 shows the resistivity data for the bilayer.
The inset shows a current voltage characteristic for the bilayer at 76 K. In fig. 4.16,
we have shown the AMR in this film at 3 kOe for three different configurations. We can
see that AMR in this film is much smaller as compared to that of the superconducting
trilayer. Most of the contribution comes from the fact that the field moves from parallel
to perpendicular to the CuO2 planes. The middle panel shows the AMR when the field
stays in the CuO2 plane. The dependence seen here mostly comes from the fact that the
field moves in and out of plane of the sample. In fig. 4.17, we have plotted the resistivity
data for a single layer of (110) YBCO. The inset shows the current voltage characteristic
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 Figure 4.15: Resistivity data for a (110) LSMO - YBCO bilayer. The inset shows the current voltage
characteristic for the film at 76 K.
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Figure 4.16: AMR for an LSMO-YBCO bilayer in three different configurations. We can see that the
AMR in this case is almost two orders of magnitude smaller than that seen for the trilayer.
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Figure 4.17: Resistivity data for a single (110) oriented YBCO layer. The inset shows the current voltage
characteristic for the film at 6 K.
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Figure 4.18: AMR for (110) YBCO film in three different configuration. The AMR primarily arises from
the orientation of magnetic field with respect to CuO2 planes.
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for the film at 6 K. Fig. 4.18 shows the AMR for this film at different configuration. Here
we can clearly see that angular dependence comes primarily from the positioning of the
field perpendicular or parallel to the CuO2 planes. But one look at panel C of figs. 4.16
and 4.18 tells us that the AMR for the bilayer is higher than that for the single layer.
This is explained by the presence of an FM magnetic layer near a superconducting layer.
Earlier, people had seen a higher change in the resistivity in a bilayer than on a single
layer when the film was pushed into the superconducting state [185].
4.3 Conclusion
In conclusion, manganite - cuprate bilayers and trilayers where the CuO2 planes are
normal to the plane of the templated (110) SrTiO3 have been synthesized and their various
transport and magnetic properties have been studied. We find that the coupling between
the two FM layers is higher in this case than on that of the (001) bilayer as predicted by de
Melo [34]. We have also observed unusually high (∼ 72000%) angular magnetoresistance
in these trilayers. Some controlled experiments have been done to point out the fact that
the unusually high AMR comes from the coupling between the two ferromagnetic layers.
The MR% calculated from the magnetoresistance measurements shows a peak near the
superconducting transition temperature which has been attributed to the unusual increase
in the normal state properties of the superconductor near its transition temperature.
Chapter 5
La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7
- La2/3Sr1/3MnO3 heterostructures
5.1 Introduction
In the introduction of this thesis, we discussed in detail the interesting physics issues
of ferromagnet-superconductor (FM-SC) hybrids. The simplest heterostructure that will
show some of the exotic phenomena of FM-SC hybrids is a trilayer where a superconduct-
ing film is sandwiched between two ferromagnetic layers. Interestingly, such a structure
in the normal state of the SC also constitutes the well-known spin valve in which two
ferromagnetic layers sandwich a non-magnetic (NM) metallic spacer [186, 187, 188, 189].
The giant negative magnetoresistance seen in FM-NM-FM trilayers and multilayers is re-
lated to the asymmetric scattering of spin-up and spin-down electrons as they criss-cross
the spacer while diffusing along the plane of the heterostructure [189]. This flow of spin
polarized electrons is expected to change profoundly when the spacer material becomes
superconducting. Indeed, a large negative magnetoresistance has been observed by Pen˜a
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et al. [149, 150] in La0.7Ca0.3MnO3- YBa2Cu3O7 -La0.7Ca0.3MnO3 trilayers in the narrow
superconducting transition region which they attribute to spin accumulation in YBCO
when the FM layers are coupled antiferromagnetically. The accumulated spins presum-
ably cause depairing and hence a large resistance in accordance with the spin imbalance
theory of Takahashi, Imamura and Maekawa [190, 191].
The study of substitution of Y by Pr in YBCO has attracted a lot of attention be-
cause it leads to a non-trivial depression of Tc [192, 198]. Although superconducting
Y1−xPrxBa2Cu3O7 (YPBCO) has the same orthorhombic structure as YBCO, yet in
contrast it retains the full stoichiometric oxygen content. By varying the Pr content,
the superconducting properties can be influenced without causing changes in the crystal
symmetry. Hall effect studies on this system have shown a decrease in charge carri-
ers as the Pr concentration is increased suggesting a greater than +3 valency for Pr
[193]. In another study, the Y3+ ions in YPBCO were replaced by Ca2+ ions, resulting
in (Y1−x−yCay)PrxBa2Cu3O7, to create holes in the CuO2 planes [194]. The plot of Tc
vs. y at a fixed x revealed that there are two contributions coming into play because of
these substitutions:- i) the counteracting effects of the generation and the filling of holes
in the CuO2 sheets by Ca
2+ and Pr4+ ions respectively, and ii) the depairing of super-
conducting electrons via exchange scattering of the mobile holes in the CuO2 sheets by
the Pr magnetic moments. But a later study by Fink et al. [195] found evidence against
hole filling by Pr in YBa2Cu3O7. Their electron energy loss spectroscopy study revealed
that Pr does not fill holes in the CuO2 planes. It suppresses the mobility of holes leading
to the suppression of superconductivity. Another interesting work on Pr substitution is
by Gaur et al [196]. Here they have tried to replace Ba with Pr. They found that the
rate of Tc suppression in this case is much higher than that for Y substitution by Pr.
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Figure 5.1: Tc as a function of Pr concentration for Y1−xPrxBa2Cu3O7 (Adapted from ref. [198])
They also reported a phase transition from orthorhombic to the tetragonal phase as the
Pr concentration is increased. Many more interesting results can be found on this system
but the exact mechanism of Tc suppression by Pr is not yet clear. It is even more puz-
zling since the substitution of Y by other members of the same group from the periodic
table, except for Ce, Tb and Pr, does not affect Tc [197]. In this chapter we examine
the relevance of pair breaking by the dipolar field and injected spins in the low carrier
density cuprate Y0.6Pr0.4Ba2Cu3O7 which has an insulating c-axis resistivity and hence
a poor spin transmittivity. We further address the issue of giant MR in three distinctly
illuminating ways which involve:- i) a current density dependence of MR over a broad
range of temperature below Tc, ii) field dependence of MR when the magnetizations of
LSMO layers ~M1 and ~M2 are parallel and fully saturated, and iii) dependence of MR
on the angle between the current and the field below and above the critical temperature.
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These measurements permit the disentanglement of the contributions of flux flow and pair
breaking effects in YPBCO, and the intrinsic anisotropic MR of LSMO layers to GMR
in FM-SC-FM trilayers, and further to establish a fundamental theorem which warrants
diverging MR in the limit of infinitely conducting spacer. In fig. 5.1 we have shown
the variation of Tc with Pr concentration in the Y1−xPrxBa2Cu3O7 system. It is evident
from the figure that for x = 0.4 we have a weak superconductor with Tc ∼ 30 K. As for
single crystals [199], Tc decreases with Pr concentration and for x ≥ 0.55, the system has
an insulating and antiferromagnetic ground state [192, 200, 201, 202, 203]. In short, we
concentrate on the x = 0.4 film because of its low carrier density and order parameter
phase stiffness [204], both of which would enhance its susceptibility to pair-breaking by
spin polarized carriers injected from the LSMO.
5.2 Results and Discussion
Thin epitaxial trilayers of LSMO-YPBCO-LSMO were deposited on (001) SrTiO3. A
multitarget pulsed laser deposition technique based on KrF excimer laser (λ = 248 nm)
was used to deposit the single layer films and heterostructures as described in our ear-
lier work [73]. The thickness of each LSMO layer (dLSMO) was left constant at 30nm
whereas the dY PBCO was varied from 30 to 100nm. The interfacial atomic structure of
the trilayers was examined with high resolution transmission electron microscopy (TEM)
at Brookhaven National Laboratory, USA.
Fig. 5.2 shows the resistance R(T) of a trilayer where the Y0.6Pr0.4Ba2Cu3O7 film
thickness is ≈ 100 nm and the LSMO layers are each 30 nm thick. The R(T) curve is
characterized by a steep increase in the resistivity near ≈ 30K before the superconduc-
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Figure 5.2: The R vs. T curve for an LSMO - YPBCO - LSMO trilayer with a 100 nm YPBCO
sandwiched between two 30 nm LSMO layers is shown in the left panel. The rise in resistance at 30
K suggests some structural disorder in the YPBCO film which presumably localizes the charge carriers
before superconductivity sets in at ≈ 24 K. The inset of the left panel shows a typical I vs. V characteristic
of the trilayer at 15 K. The right panel shows a high resolution cross-sectional TEM of the trilayer. A
careful examination of the lattice image of the superconducting layer shows the presence of stacking
faults. Image taken by Y Zhu and group at BNL, Brookhaven, USA
tivity sets in at still lower temperatures. While the Y1−xPrxBa2Cu3O7 film with x ≥ 0.5
show superconductor - insulator transition due to carrier localization with a ρ(T ) similar
to that seen in fig. 5.2, for the composition used here (x=0.4), the resistivity is expected
to remain metallic [205]. The semiconductor-like resistivity seen in fig. 5.2 in the tem-
perature window of Tc < T ≤ 30K is likely to be due to the structural disorder present in
these sandwiched films, some evidence of which comes from high resolution TEM imaging.
The right panel of fig. 5.2 shows a cross-sectional transmission electron micrograph of the
heterostructure. We can clearly see a sharp interface between LSMO and YPBCO in the
atomic resolution image. While the manganite layers are free of growth defects, we do see
distinct stacking faults in the YPBCO layers which can be related to the disorder due to
the difference in the ionic radii of Y3+ and Pr3+. The inset of fig.5.2 shows a typical cur-
rent (I) - voltage (V) characteristic of the structure at 15 K. The critical current density
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(Jc) inferred from this measurement is ∼ 5× 103 A/cm2.
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 Figure 5.3: Panel (a) shows the M vs. H loop of the trilayer taken at 10 K. The two symmetric small
plateaus (indicated by arrows), with zero magnetization show antiferromagnetic coupling between the
two FM layers. Panels (b) to (f) show MR measured at 15 K. In panels (b) & (c), the current was
parallel to the field with values 0.8 and 1.2 mA respectively, whereas for the remaining three panels, the
in-plane field was orthogonal to the current (θ = 90o) which takes three vales; 0.8, 1.2 and 1.6 mA for
(d), (e) and (f) respectively. The left hand side of the y-axis shows the resistance in units of 10Ω and the
right hand y-axis shows (R(H)−Rmin)/Rmin in percent.
Fig. 5.3 (panel a) shows the magnetic field ( ~H) dependence of the magnetization ( ~M)
at 10 K with ~H in the plane of the heterostructure and parallel to the easy axis, (110) of
LSMO. Starting from a fully saturated magnetic state at H≃ 180 Oe, the magnetization
reaches a plateau over a field range of -90 to -130 Oe on field reversal. This is indicative
of antiferrromagnetic (AF) alignment of the magnetization vectors of the top and bottom
LSMO films. The full cancellation of the moment (M≃0) seen in the plateau also suggests
that the two layers have equal saturation magnetizations (Ms). While a plateau in ~M
symmetric about the y-axis can also result due to a difference in the switching fields of
the top and bottom layers, either because of a difference in their thicknesses or due to
the pinning of ~M by the substrate, a perfect cancellation of the moments at the plateau
indicates an antiferromagnetic interlayer exchange mediated by the cuprate spacer. We
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have demonstrated earlier that the poor c-axis conductivity of YBCO actually quenches
the oscillatory part of the interlayer exchange interaction and only an exponentially de-
caying AF-exchange remains in the LSMO-YBCO-LSMO system [10]. In the remaining
five panels of fig. 5.3, we show the in-plane resistance of the trilayer as a function of ~H
coplanar with the measuring current (I). Two values of the angle between I and H have
been chosen; in one case θ = 0o (fig. 5.3 b & c) and for the other three panels (d, e
& f), θ = 90o but the magnitude of I is different. While these measurements have been
performed at several currents, only a few representative field scans of the MR are shown
in fig. 5.3. The conventional way of measuring the MR is to calculate the ratio ∆R/R0,
where ∆R = RH −R0, R0 being the resistance at zero applied field and RH the resistance
when the applied field is H. Here we have used a slightly different definition. We have
replaced R0 by Rmin, which is the minimum resistance seen in R vs. H curves. The
magnetoresistance for both θ = 90o and θ = 0o configurations has two distinct regimes of
behavior. Starting from a fully magnetized state at 500 Oe in the θ = 90o configuration,
the MR first drops to a minimum as the field is brought to zero following a dependence of
the type ∼ αH + βH2, where α = −6.8×10−6 and β = 7.7×10−8 for I = 0.8mA. The MR
shows a step-like jump at the reversed field of ∼ 40 Oe where the magnetization switches
to AF configuration and remains high till ~M1 and ~M2 become parallel again. On reversing
the field towards the positive cycle, a mirror image of the curve is seen in the positive
field quadrant. A remarkable feature of the MR seen in fig. 5.3 is its dependence on the
current I. The peak MR at 500 Oe and I ⊥ H drops from ∼80% to 17% on increasing the
current by a factor of two. The height of the MR curves remain nearly the same when the
magnetic field is rotated from θ = 90 to θ = 0 with some differences in the detailed shape
of the curves. The pertinent factors which affect the MR of such structures are:- i) the
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Figure 5.4: (a) M vs. H loop for the trilayer taken at 40 K. Two symmetric small plateaus (indicated
by arrows) with zero magnetization show antiferromagnetic coupling between the two FM layers. Panels
(b), (c) & (d) show the field dependence of the magnetoresistance in θ = π/2 (~I⊥ ~H) configuration at 20,
25 and 40 K respectively. Panels (e) & (f) show the field dependence of the magnetoresistance in θ = 0
(~I‖ ~H) configuration at 20 and 40 K respectively. The left hand side of the y-axis shows the resistance
(Ω) and the right hand y-axis shows (R(H)−Rmin)/Rmin in percent.
behavior of MR in the normal state of YPBCO, ii) the explicit role of superconductivity
which is suppressed by the dipolar and exchange fields of the FM layers and by the spin
polarized electrons injected from the FM layers, and iii) a parasitic non-zero tilt of the
sample away from the parallel configuration which will result in a high concentration of
vortices in the superconducting spacer even at very low fields. These factors are addressed
with the help of fig. 5.4 where we have plotted the M(H) loop at 40 K (normal state).
The overall shape of this curve is not different from what is seen in the SC state (fig.
5.3) except for a temperature dependent change in the switching fields and Ms. The AF
alignment of ~M1 and ~M2 in the vicinity of the zero-field persists in the normal state as
well. Fig. 5.4 also shows the field dependence of magnetoresistance in θ = 90o and θ = 0o
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configurations at a few representative temperatures as the sample is taken from the su-
perconducting to the normal state. A striking drop in the MR on approaching the normal
state is evident in addition to a noticeable change in its field dependence. At 40 K and
θ = 90o, it drops monotonically on reducing the field from full saturation till the reverse
switching field is reached where it shows a small but discernible step-like increase followed
by an unremarkable field dependence in the negative field side. For the I‖H configuration
(fig. 5.4(f)) the R(H) curve is an inverted image of fig. 5.4(d) reflecting the anisotropic
magnetoresistance (AMR) of LSMO films. The 20 K data of figs. 5.4 (b) & (e) show that
the MR values are similar with the exception that the antiferromagnetic regime is clearly
seen for I ⊥ H.
It becomes clear from figs. 5.3 and 5.4 that the field dependence of the MR in these
FM-SC-FM trilayers can be divided into two field regimes, one covering the range -150 Oe
< H < 150 Oe where the reorientation of ~M1 and ~M2 is the deciding factor and the other
at higher fields where ~M1‖ ~M2 and it goes as ∼ αH + βH2. While the MR in these regimes
is intimately linked with the superconductivity of YPBCO, its mechanism appears to be
remarkably different. We first concentrate on the low-field regime where we define the
MR as (R↑↓ - Rmin)/ R↑↓ where R↑↓ and Rmin are the resistances of the trilayer when
~M1 and ~M2 are antiparallel, i.e. the plateau region and Rmin is the minimum resistance
as defined earlier respectively. The variation of MR with R↑↓ at a fixed temperature (15
K) with variable current and at several temperatures across the transition at constant
current is shown in fig. 5.5. A remarkable universality of the dependence of MR on
the ground state resistance of the structure emerges. The magnetoresistance starts with
a negligibly small value at T > Tc but then diverges on entering the superconducting
state. While an enhancement in the MR has been seen in spin valves of cleaner spacers
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Figure 5.5: Dependence of MR on R↑↓. This figure contains the MR data collected at 15 K with variable
current and at several temperatures across the transition at constant current. A remarkable universality
of the dependence of MR on the ground state resistance of the structure emerges. The inset shows a
typical sketch of the MR vs. H curve in the superconducting state and identifies some critical points
where ~M1& ~M2 change their orientation (details in the text).
[189, 186, 187], the regime of diverging MR is only accessible with a superconducting
spacer. Unlike the case of free–electron–like metal spacers, where the strength of the MR
is attenuated by spin flip scattering processes in the interior of the spacer and at the spacer
- ferromagnet interfaces [189, 206], the physics of transport of spin polarized carriers in
FM-SC-FM structures is much more challenging. Here we identify various factors which
can contribute to MR and then single out the ones which perhaps are truly responsible
for the behavior seen in fig. 5.5. In the inset of fig. 5.5 we sketch a typical MR vs. H
curve at T < Tc and identify some critical points on the curve where the orientation of
~M1 and ~M2 and the effective magnetic field seen by the SC layer change significantly.
We first consider the behavior of the MR in a field regime very close to the origin in
fig. 5.5(inset). For the AF configuration of ~M1 and ~M2 (point C), the dipolar field in
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the spacer cancels out but for the parallel alignment (point B) it adds up. Thus, strictly
from the angle of pairbreaking by the dipolar field, the SC layer should have a lower
resistance in the AF configuration. Moreover, a much stronger effect of the exchange field
of ferromagnetic layers on superconductivity when ~M1 and ~M2 are parallel should make
the AF state less resistive [135]. Both these effects are inconsistent with the observation
of a higher resistance in the AF state. However, before we rule out the effects of the
dipolar field altogether in influencing MR, a careful examination of the MR curve along
the path A → B → C → D → E → F of the inset traced on reducing the field from
the parallel alignment of ~M1 and ~M2 needs to be made. At point B the dipolar field of
ferromagnetically aligned ~M1 and ~M2 in the superconductor completely cancels out the
positive external field leading to a minimum in resistance. As the field is reduced to zero
and then made negative (between points B and C) the net field seen by the superconductor
increases. At the negative coercive field Hc, just before ~M1 and ~M2 become antiparallel
(point C), the internal field in the SC is B↑↑ = −µoHext − µo(md1 +md2), where md1 and
md2 are the dipolar contributions to the magnetization in the superconductor. However,
just beyond Hc, i.e. | H |> Hc in the AF state, the internal field (B↑↓) is only µoHext
(assuming md1 ∼ md2). While this sudden reduction in Bint at Hc could be responsible
for the plateau (segment CD) seen in the R(H) vs. H curve in the AF state, the higher
resistance in the AF state still remains a puzzle. Although one could attribute it to the
piling up of spin polarized quasiparticles in the SC spacer, such an interpretation would
require a deeper understanding of the c-axis transport in these structures where the CuO2
planes are parallel to the magnetic layers. The observation of this effect in a low carrier
density cuprate of the present study is much more intriguing because its c-axis resistivity
is insulator-like in the normal state [200]. The precipitous drop in resistance from point
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D to E also points towards the critical role of the net internal field in the SC layer and
its influence on the MR because at point D, the ~M1 and ~M2 vectors switch to a parallel
configuration leading to an additive dipolar field in the superconductor pointing 180o away
from the direction of the external field.
We now discuss the large positive magnetoresistance in the ferromagnetic configuration
of ~M1 and ~M2. The field dependence of MR in this regime derives contributions from
the pair-breaking effects of spin polarized electrons injected from LSMO and of the net
field seen by the YPBCO. Moreover, a parasitic normal component of the field due to
misalignment will introduce vortices and a large dissipation due to flux flow. Here a
small negative contribution to R is also expected due to the intrinsic MR of LSMO which
would vary as M2. We have estimated the contribution of the sample tilt by measuring
its resistance in two configurations P and Q as shown in figs. 5.6 (a&b). We assume that
the platform on which the film is mounted for measurement, instead of being on the x-y
plane, has a small tilt δ away from the y-axis. In configuration P, the sample is mounted
in such a manner that the stripe of film along which the current flows is nominally along
yˆ. Fig. 5.6(b) shows the 90o geometry such that the stripe is now along xˆ. This is
labeled as configuration Q. We rotate ~H in the xy-plane and measure R as a function
of the angle θ between yˆ and the field direction. We expect three distinct contributions
to R(θ) coming from:- i) vortex dissipation due to the normal component of the field
[(∆R)υ⊥], ii) the Lorentz force on Josephson vortices in the plane of the film [(∆R)υ‖],
and iii) the anisotropic magnetoresistance of the LSMO layers (∆R)AMR which peaks
when I is perpendicular to the in-plane field [163]. While all these contributions to R are
periodic in θ with a periodicity of π, in configuration P, [(∆R)υ⊥] will peak at θ = 0 and
π whereas the peaks in [(∆R)υ‖] and (∆R)AMR will appear at θ = π/2 and 3π/2. Since
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Figure 5.6: (a) & (b) respectively show the configurations P and Q of the sample mounting in the cryostat.
The sample stage has a non-zero tilt (δ) with respect to the x-y plane. (c) shows the AMR of the trilayer
measured at 15 K in configurations P and Q and at 40 K in configuration P.
the resistivity of the sample in configuration P peaks at π/2 and 3π/2 (see fig. 5.6(c)), it
is evident that (∆R)υ⊥ < ((∆R)υ‖+ (∆R)AMR). For configuration Q on the other hand,
(∆R)υ⊥, (∆R)υ‖ and (∆R)AMR are all in phase with the peak value appearing at θ = 0
and π as seen in Fig. 5.6(c). Clearly, the difference in the peak heights at θ = 0 of Q and
θ = π/2 of P gives us the flux flow resistance due to the motion of vortices which nucleate
because of a non-zero tilt. Its contribution to the resistance is ∼ 10% at 15 K and a 3
kOe nominally parallel field. Of course, its strength will also vary with the current. It is
clear that a much larger contribution to +ve MR comes from the in-plane field and its
attendant effects.
5. LSMO-YPBCO-LSMO heterostructures 141
5.3 Conclusion
In summary, we have seen an exceedingly large magnetoresistance in a La2/3Sr1/3MnO3
- Y0.6Pr0.4Ba2Cu3O7 - La2/3Sr1/3MnO3 trilayer in the superconducting transition region
of the cuprate. The significant feature of these results is the divergence of the MR as
the resistance of the spacer goes to zero. We identify the key contributing factors to
the MR in the superconductor based spin valves. These are:- (i) dipolar and exchange
fields in the SC layer, (ii) depairing by the accumulation of spin polarized electrons in the
superconductor in the antiferromagnetic state of the spin valve, and (iii) the contribution
of vortex motion to resistance. We establish that the dipolar field of the LSMO layer in
the superconductor plays a crucial role in setting the scale of the MR in the field regime
where the magnetization vectors of the FM layers switch from an antiparallel to a parallel
configuration.
Chapter 6
Conclusion and Future Scope
This concluding chapter contains all the key results of this thesis along with the identi-
fication of some relevant issues which could be addressed in the future. In this thesis,
we have successfully studied the magnetic and transport properties of two polytypes of
La2/3Sr1/3MnO3 [(001) and (110) oriented epitaxial films], (110) oriented La2/3Sr1/3MnO3
- YBa2Cu3O7 - La2/3Sr1/3MnO3 trilayers, and (001) oriented La2/3Sr1/3MnO3 -
Y0.6Pr0.4Ba2Cu3O7 - La2/3Sr1/3MnO3 trilayers. From our literature survey, we find that
the research in FM-SC-FM hybrids involving cuprates and manganites is very interesting
but in most studies the CuO2 planes are parallel to manganite layer which does not permit
the direct injection of spin polarized carriers from the manganite into the superconducting
CuO2 planes of the cuprate. We have been successful in preparing hybrids where the CuO2
planes are perpendicular to the manganite layer thus enabling us to study the injection
of spin polarized carriers in the superconducting planes of the cuprate. Our main focus
in this thesis was on the hybrids of La2/3Sr1/3MnO3 and YBa2Cu3O7 . The absence of
a detailed study of the relative magnetic anisotropy in (001) and (110) LSMO prompted
us to have a look into this problem before pursuing the case of (110) hybrids. We have
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successfully worked out the H-T phase space for both polytypes of LSMO, defining the
pinned and the depinned states. With this knowledge of the LSMO anisotropies, we ad-
dressed the galvanomagnetic properties of (110) LSMO-YBCO-LSMO hybrids where we
find an unusually high MR when the applied field is rotated in the plane of the sample. In
the last part of the thesis, we have investigated the galvanomagnetic properties of (001)
LSMO-YPBCO-LSMO hybrids. A comparison of the results shows that the MR in the
case of (110) hybrids is an order of magnitude higher than that of (001) hybrids. For the
(001) hybrids, we were able to show that the MR in these systems is directly related to
the spacer layer resistance. Below we give a detailed description of our key results in this
thesis.
6.1 Anisotropic Magnetoresistance in La2/3Sr1/3MnO3
(001) and (110)
We have carried out a comparative study of the isothermal magnetoresistance of (001)
and (110) oriented epitaxial La2/3Sr1/3MnO3 films as a function of the angle between the
current and the coplanar magnetic field at several temperatures between 10 and 300K. The
magnetic easy axes of the (001) and (110) films are along the (110) and (001) directions
respectively. In view of their similar texture, which could otherwise contribute to shape
anisotropy, we conclude that the easy axis of magnetization is fundamentally related to
the orientation of the Mn-O-Mn bonds on the plane of the substrate. The isothermal
resistance ρ⊥ and ρ‖ for ~I⊥ ~H and ~I‖ ~H configurations respectively of these two types of
films obeys the inequality ρ⊥ > ρ‖ for all fields and temperatures. However, ρ(θ) shows
a deviation from the simple cos2 θ dependence at low fields due to the pinning of the
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magnetization vector ~M along the easy axis. This effect manifests itself as a discontinuity
in ρ(θ) at some θ > π/2 and a concomitant hysteresis on reversing the angular scan. We
establish a magnetization reorientation phase transition in this system and extract the
H-T phase space where ~M remains pinned. A robust pinning of the magnetization seen
in (110) films suggests strong in-plane anisotropy as compared to the (001) films. We
have carried out a full fledged analysis of the rotational magnetoresistance of the two
types of epitaxial LSMO films in the framework of the Do¨ring theory [100] of anisotropic
magnetoresistance in metallic ferromagnet single crystals. We have found that for (110)
films, the dependence is mostly on even powers of cosψ, where ψ is the angle between
the magnetization and the (001) axis. For the same kind of analysis, the (001) samples
showed a cosψ sinψ type of dependence with measurable weightage on the even powers
of cosψ as well. In this case, ψ is the angle between the applied field and the easy axis
of the sample and ψ = θ − π/4 where θ is the angle between the applied field and the
current direction. We note that a strong deviation from the predicted angular dependence
exists in the irreversible regime of magnetization. A simple estimation of the orbital MR
in these films suggest that the RMR is dominated by spin-orbit interaction dependent
anisotropic magnetoresistance.
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6.2 La2/3Sr1/3MnO3 - YBa2Cu3O7 - La2/3Sr1/3MnO3
heterostructures
6.2.1 Growth Recipe
We have been successful in synthesizing (110) oriented bilayers and trilayers of
La2/3Sr1/3MnO3 and YBa2Cu3O7. To the best of our knowledge, this constitutes the
first successful attempt by any group to synthesize such structures where the copper ox-
ide planes are perpendicular to the plane of the heterostructure. While the growth of
(110) oriented YBCO films has been achieved by many groups in the past, the synthesis
of (110) heterostructures consisting of aan LSMO layer on top of the YBCO is quite non-
trivial. The optimized growth conditions for the bilayers paved the way for the synthesis
of (110) LSMO - YBCO - LSMO trilayers on which a variety of transport and magnetic
property measurements were performed. The bilayers of LSMO-YBCO thus deposited
were examined by four circle x-ray diffractometer to calculate the volume fraction of
(110) grains. The result shows ∼65% of the grains are (110) with the rest being (103)
oriented. The superconducting transition temperature of these films were found to be
∼90 K. Measurement of the critical current density revealed a strong suppression in the
case of films where the YBCO was in the proximity of an LSMO layer.
6.2.2 Transport and Magnetic Properties of (110) trilayers
We have measured the magnetic and transport properties of (110) trilayers. We find that
the coupling between the two FM layers is higher in the case of the (110) trilayer than
the (001) trilayer as predicted by de Melo [34]. This result is a key result which has
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validated explicitly a long standing prediction in cuprate-manganite hybrids. We have
also observed an unusually high (∼ 72000%) angular magnetoresistance in these trilayers.
We have done some controlled experiments to point out the fact that this unusually
high AMR comes from the coupling between the two ferromagnetic layers. The MR%,
defined as ∆R/R(0) where ∆R = (R↑↓)max − (R↑↑)min, R(0) is the resistance at zero
field at that temperature, (R↑↓)max is the resistance at the peak position in the MR-H
curve and (R↑↑)min is the minimum resistance of the segment of the MR-H curve where
the magnetizations of both the FM layers are parallel to each other, calculated from
the magnetoresistance measurements, shows a peak near the superconducting transition
phase which can be attributed to the unusual increase in the normal state properties of
the superconductor near the transition temperature of the superconductor.
6.3 La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7
- La2/3Sr1/3MnO3 heterostructures
In this chapter of the thesis, we have studied magnetotransport and magnetic coupling in
c-axis oriented trilayers. Here we concentrate on films of Y0.6Pr0.4Ba2Cu3O7 because of its
low carrier density and order parameter phase stiffness [204], both of which would enhance
its susceptibility to pair-breaking by spin polarized carriers injected from the LSMO. We
have seen an exceedingly large magnetoresistance in La2/3Sr1/3MnO3 - Y0.6Pr0.4Ba2Cu3O7
- La2/3Sr1/3MnO3 trilayer in the superconducting transition region of the cuprate. The
salient feature of these results is the divergence of the MR as the resistance of the spacer
goes to zero. We identify the key contributing factors to MR in superconductor based
spin valves. These are (i) dipolar and exchange fields in the SC layer, (ii) depairing by the
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accumulation of spin polarized electrons in the superconductor in the antiferromagnetic
state of the spin valve, and (iii) the contribution of vortex motion to the resistance. We
establish that the dipolar field of the LSMO layer in the superconductor plays a crucial
role in setting the scale of the MR in the field regime where the magnetization vectors of
the FM layers switch from antiparallel to parallel configuration.
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6.4 Scope for further research
The results presented in this thesis, specially those in chapters IV and V open several new
possibilities in the study of manganite-cuprate heterostructures. Some interesting issue
which could be studied in the near future are;
1. The recipe developed in Chapter 4 for the growth of (110) manganite – cuprate
hybrids reveals that under proper growth conditions, it is possible to grow these
structures with a majority of grains being oriented in the direction of interest. We
have only done a limited study on these hybrids with fixed thicknesses for the FM
and SC layers. A careful study of these hybrids by varying the FM and SC layer
thickness may reveal the nature of exchange coupling present in this system. Earlier
studies have revealed oscillatory critical current in c-axis oriented trilayers. It needs
to be seen if this is true for (110) hybrids as well.
2. Extension of the ideas presented in Chapter 4 can also be applied to YPBCO sys-
tems. It needs to be seen if a stable recipe can be evolved for growing (110) oriented
LSMO-YPBCO-LSMO structures. Once possible, similar studies as done on (110)
LSMO-YBCO-LSMO systems can be carried out by varying the Pr concentration
in the YPBCO layer.
3. The results presented in Chapter 5 show that the MR is directly dependent on the
spacer resistance. Scope exists for similar studies with varying spacer layer thickness
and Pr concentration.
4. Apart from these, the effect of putting average bandwidth manganite such as;
La1−xCaxMnO3 in these systems may lead to some interesting results.
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